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ABSTRACT
Environmental degradation of the Chesapeake Bay (CB) and its sub-estuaries has been 
linked to population growth in the surrounding coastal zone, rapid development in the 
watershed and resultant nutrient loading into the Bay. Consequently, the federal 
government and its partners have developed restoration plans to mitigate the effects of 
eutrophication and improve essential ecosystem functions, though few restoration plans 
have considered the interactive effects of climate change. Climate change and other 
anthropogenic drivers are causing changes in ecosystem structure and function, thereby 
impacting the beneficial services ecosystems provide. While some studies have attempted 
to quantitatively predict the benefits of ecosystem restoration under current conditions, 
research is needed to determine whether restored systems will be sustainable and 
continue to provide ecosystem services under changing conditions.
This study examined how climate warming and sea level rise (SLR) might affect the 
sustainability of ecosystem services resulting from the proposed U.S. Army Corps of 
Engineers (USACE) Lynnhaven River Basin Ecosystem Restoration Plan (LRBERP). A 
system-wide prediction of marsh survival in the Lynnhaven was calculated by estimating 
the time period when Spartina alterniflora (smooth cordgrass) would submerge based on 
predicted sea level rise and marsh accretion for the region. In addition, a reduced 
complexity ecosystem model was applied to the Lynnhaven River to evaluate survival 
and sustainability of ecosystem services provided by S. alterniflora, Zostera marina 
(eelgrass), Ruppia maritima (widgeon grass), and Crassostrea virginica (Eastern oyster) 
reef habitat, under existing conditions as well as predicted climate warming (+1, 2, 3, and 
5 °C) and sea level rise (+0.49, 0.99, 1.69, 2.29 m) scenarios for the region.
The major findings from the model simulations and marsh analysis indicate that climate 
warming and SLR will affect the sustainability and capacity of restored submerged 
aquatic vegetation (SAV), oysters and marsh habitat to provide ecosystem services in the 
Lynnhaven River. This investigation calls into question the assumption that marshes will 
accrete indefinitely to keep pace with accelerating rates of sea level rise. Predicted 
submergence of S. alterniflora marshes by 2100 will limit their capacity to provide 
ecosystem services. Model predictions of S. alterniflora biomass decreased across the 
temperature scenarios with complete die-off under the +5°C scenario. Z. marina and R. 
maritima biomass decreased across the SLR scenarios with complete die-off of R. 
maritima under the 0.49 m scenario. This modeling result is consistent with the literature 
that R. maritima is more sensitive to light limitation than Z. marina. Z. marina biomass 
decreased across the temperature scenarios with complete die-off under the 5°C scenario 
whereas R. maritima biomass increased under the temperature scenarios. The positive 
effects of warming on R. maritima were offset by the negative impacts from SLR. There 
was a complete die-off of Z. marina and R. maritima biomass under the combined 
SLR/temperature scenario. The combination of stressors will likely have negative effects 
on Z. marina and R. maritima biomass in the polyhaline section of the Bay.
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Individual C. virginica weight decreased across the SLR scenarios most likely due to a 
dilution of their food supply with increasing water depths. Consequently, the associated 
ecosystem services decreased as well. Net C. virginica growth decreased between the 
baseline and +5°C temperature scenario, but increased under intermediate temperature 
scenarios in some cases. The associated ecosystem services responded similarly and were 
ultimately negatively impacted by the highest temperature scenario. The overall decline 
in oyster growth over the temperature scenarios suggests that respiration was elevated 
relative to feeding, thus reducing overall scope for growth. The combined 
SLR/temperature scenario negatively impacted C. virginica weight and net growth more 
so than the highest SLR scenario on its own. The combined SLR/temperature scenario 
had the biggest positive impact on oyster-mediated denitrification and the biggest 
negative impact on oyster nutrient assimilation in shell and tissue.
Overall, these results suggest that climate warming and SLR will substantially reduce the 
survival of the four habitats along with the associated ecosystem services. If the ultimate 
goal of ecological restoration is reestablishing self-sustaining ecosystems that will be 
resilient to future perturbation, it is necessary to factor climate change into decision­
making and consider the return on investments in order to maximize the effectiveness of 
restoration funding over the long-term. My project aimed to understand the function and 
linkage of ecosystem processes and identify ecosystem thresholds by assessing the 
interactive effects of climate change in order to improve societal, economic, and 
ecological resilience in the Lynnhaven. The US ACE, and restoration practitioners in 
general, need to consider their investments over the long-term and how best to protect 
them in a changing climate.
Assessing the Impact of Climate Change on 
Proposed Restoration of the Lynnhaven River Ecosystem
INTRODUCTION
Estuaries - areas where fresh water and salt water mix - are among the most productive 
yet threatened systems globally. Estuaries are among the most productive marine habitats 
because they tend to be shallow, support a diversity of primary producers, exhibit tidal 
and wind driven mixing which enhances benthic pelagic-coupling, and have freshwater 
inputs which deliver nutrient loads that enhance primary production (Valiela 1995). In 
addition to having high rates of primary production, estuarine habitats also generate a 
range of goods and services beneficial for human well-being (Millennium Ecosystem 
Assessment 2003). Ecosystem services are defined as the benefits society obtains from 
ecosystems (Millennium Ecosystem Assessment 2003). However, coastal ecosystems are 
subject to numerous stressors and are becoming increasingly susceptible to climate 
change impacts including changes in sea level, water temperature, tidal range, pH, storm 
frequency and intensity, precipitation, drought and salinity (Table 1). These stressors 
result in changes to ecosystems and the services they provide. While this analysis focuses 
solely on the effect of increased temperature and sea level rise on ecosystem services, it is 
important to note that these changes will be confounded by other climate drivers.
The purpose of this research is to assess the sustainability of proposed restoration 
activities in Chesapeake Bay in order to optimize the delivery of ecosystem services. 
Sustainability is the principle that some entity or service can exist with the potential to 
thrive without impeding the ability for other entities or services to do so at related levels 
within a related system (Chen 2008). If the ultimate goal of ecological restoration is
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reestablishing self-sustaining ecosystems that will be resilient to future perturbation, it is 
necessary to factor climate change into decision-making and consider the return on 
investments in order to maximize the effectiveness of restoration funding over the long­
term (Rice and Emery 2003). An assessment of ecosystem services provides a framework 
for incorporating the benefits of nature in decision-making, enabling a fuller accounting 
of the value of natural capital and a better understanding of the long-term sustainability of 
the services. There are three fundamental components of ecosystem service valuation: 
qualitative listing and description of ecosystem services; quantitative assessment of 
changes in service provision (Millennium Ecosystem Assessment, 2003); and 
monetization of changes (e.g. Costanza et al., 2006; Batker et al., 2010; Barbier et al.
2011; Moser et al., 2012; and Barbier & Enchelmeyer, 2014). This investigation will 
focus on the quantitative assessment of changes in service provision.
The goals of considering ecosystem services in decision-making are to enhance natural 
capital and build resilience to a changing climate, avoid unintended negative 
consequences of policy actions on ecosystems, ensure efficient use of resources, and 
increase confidence that higher retum-on-investment alternatives are not overlooked. 
Meeting these goals will require: 1) a better understanding of the benefits of ecosystem 
services and how they might be altered with climate change; 2) a fuller accounting for 
these benefits in project decision-making; and 3) consideration of tradeoffs among 
project alternatives in a manner that more fully considers the benefits that natural systems 
provide. The President’s Council of Advisors on Science and Technology (2011) report
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titled Sustaining Environmental Capital: Protecting Society and the Economy, stressed 
the need to fully incorporate the benefits of ecosystem services into Federal decision­
making. Inclusion of ecosystem services assessments in decision-making can enhance 
resilience and address adaptation to climate change in a cost-effective manner, while 
failing to do so can generate costs and externalities, along with degrading a range of 
benefits that people value (President’s Council of Advisors on Science and Technology 
2011).
Study Site
The study site for this project is the Lynnhaven River estuary (LRE), the southern-most 
system in the Chesapeake Bay (Figure 1). The 166 km2 estuary is a shallow water coastal 
system located within the City of Virginia Beach, VA. Due to its narrow inlet and the 
greater influence by tides than river discharge, it is classified as a tidal inlet (Sisson et al. 
2010a). The LRE consists of four main water bodies (Broad Bay, Linkhom Bay, the 
Eastern Branch and the Western Branch) and has a total of -373 km of shoreline 
(Berman et al. 2012).
The Lynnhaven watershed is highly altered with -72% of the watershed developed as 
residential, commercial, or industrial property (Lawless 2008), but the ecosystem still 
supports small oyster populations and various shallow water organisms. There is minimal 
riverine input into the Lynnhaven; therefore, the entire system is polyhaline (Neilson 
1976). The Lynnhaven is also very shallow, with an average depth at mean low water of
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approximately 2.5 m (Dauer et al. 1979) (Figure 2). The Lynnhaven system is semi­
enclosed with only one area of major exchange of water located at the northern end of the 
system near the mouth of the Chesapeake Bay. The residence time for the Western and 
Eastern Branch near the inlet is 9-10 days whereas the residence time for Broad and 
Linkhom Bays is 16 days due to the limited tidal flushing and long navigation channel 
which constricts the tide to the Broad and Linkhom (Herman et al. 2007).
The USACE Lynnhaven River Basin Ecosystem Restoration Plan
Due to increased sedimentation, degraded water quality, and significant loss of wetlands, 
oysters and submerged aquatic vegetation (SAV) over the last 70 years, the USACE 
initiated the Lynnhaven River Basin Ecosystem Restoration Plan (LRBERP) in 2002 
(City of Virginia Beach 2009). The objectives of the LRBERP include: restoration of 
approximately 38 acres of tidal Spartina alterniflora (smooth cordgrass) wetlands, 
restoration of approximately 94 acres of SAV (both Zostera marina, eelgrass, and Ruppia 
maritima, widgeon grass), and construction of 31 acres of Crassostrea virginica (Eastern 
oyster) reef habitat (USACE 2013).
A linked hydrodynamic -  water quality model (Sisson et al. 2010b) was used to quantify 
the ecological benefits from the proposed restoration practices under current conditions 
but there was no attempt to consider impacts of rising sea level and warming 
temperatures on the outcomes. The intended benefits of the restoration plan include an 
estimated increase in secondary production (285,000 kg y '1 of aquatic biomass), species
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diversity (measured using a Benthic Index of Biological Integrity; Dauer 2007), and 
marsh productivity (an average increase of 70 points using the USEPA Marsh 
Assessment Score) (USACE 2013). The stated goal of the Lynnhaven River Basin 
Ecosystem Restoration Plan is to “develop the most suitable plan of ecosystem 
restoration for the present and future conditions for a 50-year period of analysis,” but 
climate change has the potential to change these restoration targets and outcomes 
(USACE 2013).
Regional Climate Change Projections
Najjar et al. (2010) concluded that global air temperature projections from the 
Intergovernmental Panel on Climate Change can be applied to Chesapeake Bay water 
temperature; these predictions include an increase in mean surface air temperature of 2-5° 
C by 2100. Similarly, Lake (2013) demonstrated that air and water temperatures in the 
polyhaline Chesapeake and York River are correlated with a nearly 1:1 relationship, 
suggesting that water temperatures are expected to increase by approximately the same 
amount as air temperatures. Areas within the Chesapeake Bay are also expected to 
experience between 0.7 and 1.6 meters in sea level rise during the 21st century (Pyke et 
al. 2008; Najjar et al. 2010). Based on tide gauge measurements during the 20th century 
from around the U.S., the Mid-Atlantic region has the second highest relative rate of sea 
level rise due to land subsidence, second only to Louisiana (Titus et al. 2009). The 
Virginia coastal zone is expected to experience at least 0.5 m of sea level rise by 2050. 
This conservative estimate is in addition to more than the 0.3 m rise that the region has
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already experienced over the past 80 years (Mitchell et al. 2013). These projected 
changes in surface temperature and sea level could have potentially far-reaching 
consequences on the LRE as well as the habitat preferences of different species.
It is important to note that this analysis focused solely on the effect of increased 
temperature and sea level rise on ecosystem function. There are many other climate 
related changes that may also affect ecosystem function including precipitation, salinity, 
watershed loading, loss of habitat (e.g., seagrass and marshes) and elevated CO2 (Najjar 
et al. 2010), but they were not addressed in this investigation.
Ecosystem services provided by Z. marina and R. maritima and projected climate 
change impacts
SAV provides valuable habitat for blue crabs, shellfish, other invertebrates, and several 
species of fish in Chesapeake Bay (Orth et al. 1984). Seagrasses have been shown to 
reduce wave energy, although the limited height of seagrass canopies (generally <50 cm) 
restricts the wave attenuation capacity of seagrasses to shallow areas (Barbier et al.,
2011; US Army Corps of Engineers, 2013). Seagrass roots and rhizomes stabilize 
sediment and help control erosion though once again there are few quantitative 
assessments of this service (Barbier et al., 2011; US Army Corps of Engineers, 2013). In 
addition, SAV filter and trap sediment, which improves water quality but SAV coverage 
has decreased in the Chesapeake Bay; both in its depth and horizontal extent (Moore et 
al. 2000; Orth et al. 2002; Moore et al. 2003, Moore 2004). Surveys from 1986 to 2001
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have shown a decline in SAV coverage in Broad Bay, a sub-estuary of the Lynnhaven 
(Orth et al. 2013). A long-term record of species distribution is not available for the 
Lynnhaven but the decline in both Z. marina and R. maritima could be explained by 
rising summer water temperatures and increased nutrient and sediment loading (Orth et 
al. 2006).
Temperature is a critical factor affecting Z. marina growth because light requirements 
increase exponentially with temperature (Moore et al. 1997). Additionally, photosynthetic 
production in Z. marina decreases at higher temperatures while respiration continues to 
increase (Evans et al. 1986; Moore et al. 1997). Increased frequency and duration of 
water temperatures above 23 °C add additional stress to Z. marina, which is already near 
the southern extent of its range in the Chesapeake Bay (Moore and Jarvis 2008). In 
addition, sea level rise could affect SAV because of the changes in availability of light for 
photosynthesis. Kemp et al. (2004) found that low light availability, associated with 
increasing depth, is limiting for SAV beds. In addition, Orth (2010) found that Z. marina 
survival in the upriver section of the York River estuary of the Chesapeake Bay was 
limited primarily by seasonally high water column light attenuation caused by high 
turbidity. Based on the habitat requirements of SAV, potential SLR impacts can be 
predicted.
Work by Moore and Jarvis (2008) suggests that the combined effects of extended periods 
of high temperatures, coupled with reduced oxygen and light conditions, can be lethal to
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Z  marina. With Z  marina in the Chesapeake Bay growing near its southern limit and 
given its lower optimum temperature for growth, it has been predicted that R. maritima 
might be better adapted for the warming climate (Moore and Jarvis 2008).
Orth and Moore (1988) did find, however, that distribution of Z  marina and R. maritima 
differed along depth gradients in the lower Chesapeake Bay. Comparison of individual 
transects showed a consistent pattern of zonation where R. maritima often appeared on 
the shoals and Z. marina occupied the deepest parts of the bed (Orth & Moore 1988; 
Moore et al. 2013). The depth distribution of these two species may be largely controlled 
by their light requirements (Wetzel & Penhale 1983) since R. maritima is considered a 
high-light, high-temperature adapted species while Z  marina is a low-light, lower- 
temperature species. If R. maritima has a higher light requirement and prefers the shallow 
(+20 to -30 cm MLW) high-light intensity habitat of the Chesapeake Bay, it may be more 
adversely effected by sea level rise than Z  marina, provided that landward transgression 
is not feasible (Orth & Moore 1988).
Ecosystem services provided by C. virginica and projected climate change impacts
Oysters play an important role in the history and water quality of the LRE, dating back to 
before the European colonists arrived in the early 1600s. Due to overharvesting, disease, 
and poor water quality conditions, oysters in the Lynnhaven are at 1 % of historic levels 
(City of Virginia Beach 2009), although they are beginning to make a comeback through 
successful restoration efforts (Burke 2010). In addition, to combat parasitic disease,
artificially selected disease tolerant oyster strains are being used for population 
supplementation in restoration projects such as in the Great Wicomico River, a tributary 
of the Chesapeake Bay (Hare et al. 2006).
Oyster reef habitats provide numerous ecosystem services, such as filtering the water 
column which increases water clarity (Nelson et al. 2004), stabilizing shorelines 
(Peterson and Lipcius 2003), reducing erosion (Meyer et al. 1997), providing fish habitat 
(Harding and Mann 2001), increasing denitrification rates (Piehler and Smyth 2011; 
Kellogg et al. 2013; Smyth et al. 2013), and enhancing the abundance and diversity of 
benthic invertebrates, mobile crustaceans and fishes (Grabowski and Peterson 2007). 
While temperature warming will likely have many indirect effects on oysters through 
future changes in habitat, food supply and disease, one potential benefit to the oyster 
populations is that higher temperatures might enhance rates of denitrification, thereby 
removing more nitrogen (N) from the system (Schaefer and Alber 2007).
Increasing temperatures will affect many aspects of C. virginica feeding and metabolism, 
including filtration, respiration, and reproduction. But higher temperatures will likely 
have the most effect on C. virginica respiration, reducing the organisms’ overall scope 
for growth (ingestion minus respiration, egestion, excretion, and reproduction) and 
increasing the chance of mortality (Loosanoff 1958; Winter 1970; Newell & Langdon 
1996; Cerco & Noel 2005).
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Ecosystem services provided by tidal marshes (Spartina-dominated) and projected 
climate change impacts
Wave attenuation. Marsh vegetation and bottom friction in shallow wetlands attenuate the 
energy of waves, tides, and currents, thereby reducing the physical impact of low- 
intensity storms. Salt marshes have a demonstrated capacity to attenuate waves and 
floodwaters across a range of geographic and hydrodynamic settings, although the degree 
of attenuation depends on the physical characteristics of the marsh (e.g., species 
composition of marsh vegetation) and its surroundings (Shephard et al. 2011). 
Importantly, the majority of studies examining salt marsh wave attenuation have focused 
on the effect of salt marshes on low- or medium-energy waves (Shephard et al. 2011; US 
Army Corps of Engineers, 2013). It is not clear whether salt marshes have the capacity to 
significantly reduce wave impacts during a major storm; i.e., a weather event 
characterized by sustained high wind speeds, wave energy, and storm surge.
Soil stabilization and sediment capture. Salt-marsh vegetation reduces coastal erosion, 
creating stable shorelines that are more effective at buffering wind and waves (Barbier et 
al., 2011; Shephard et al. 2011). Sediment deposition and accretion in salt marshes also 
help maintain coastal elevation, mitigating the impact of sea level rise. Sediment 
deposition and accretion rates are positively correlated with suspended sediment 
concentrations and proximity to sediment supply; this relationship is important given that 
non-natural coastal protective structures, such as sea walls and levees, often decrease 
sediment availability (Shephard et al. 2011).
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Water flow andflood regulation. Vegetated marshes have greater water uptake and 
holding capacity than un-vegetated mudflats (Barbier et al., 2011) and are able to drain 
more efficiently than altered marsh areas (Shephard et al. 2011). Marshes may therefore 
reduce storm surge and flooding. However, relevant data captured during and 
immediately after extreme weather events tends to be sparse and incomplete, making it 
difficult to quantitatively evaluate the impact of salt marshes on moderating water flow 
during storms.
The prevailing paradigm for intertidal marsh succession is that as sea level rises, salt 
marshes will either build their own soil to sustain themselves, retreat upslope, or drown 
(Stevenson et al. 1986; Ward 1998; Cahoon et al. 2006; FitzGerald et al. 2008); however, 
human development (e.g., shoreline protection structures) adjacent to many waterways 
and the steep topography of the adjacent banks may limit the opportunity for marshes to 
retreat (Bilkovic et al. 2011). Kirwan et al. (2010) used five dynamic models to quantify 
the conditions under which geomorphic feedbacks allow coastal marshes to adapt to 
projected changes in sea level and found that sediment supply is a first order control on 
marsh survival at least in the vertical dimension. Additionally Kirwan et al. (2010) found, 
under more rapid projections of SLR (e.g., rates currently observed in Hampton Roads, 
VA), that only marshes in high tidal range environments with abundant sediment are 
likely to remain stable whereas areas without a sufficient source of sediment will likely 
submerge by 2100 (Kirwan et al. 2010). The combination of progressive inundation due
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to accelerating SLR, increased temperature, nutrient pollution and elevated CO2 could 
potentially increase overall marsh vulnerability (Langley and Megonical 2010; Deegan et 
al. 2012; Kirwan and Megonigal 2013).
QUESTION: How will climate warming and SLR affect the sustainability and capacity 
of restored SAV, oysters, and marsh habitat to provide ecosystem services in the 
Lynnhaven River Estuary (LRE)?
HYPOTHESIS: Climate warming and SLR will significantly reduce sustainability and 
overall ecosystem services.
To address the main question of this study, two objectives were stated and accomplished:
OBJECTIVE 1: Examine marsh vulnerability to sea level rise in the Lynnhaven to 
evaluate the efficacy of the proposed USACE wetlands restoration strategy to optimize 
ecosystem services.
This objective was accomplished by examining the habitat suitability requirements for S. 
alterniflora and Phragmites australis (common reed) and evaluating their ability to 
provide ecosystem services under long-term climate change impacts. By examining the 
biological and environmental requirements for S. alterniflora and P. australis it was
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possible to infer how sea level rise could potentially alter the sustainability of these 
species in the LRE.
BACKGROUND for Objective 1
Marshes buffer coasts from storms, sequester carbon, improve water quality, and provide 
important habitat for commercial fisheries, yet their ecosystem services are threatened, 
especially by sea level rise (Shephard et al. 2011; Barbier et al. 2011; Ouyang & Lee 
2014; Moorhead & Brinson 1995). The USACE’s proposed wetland restoration strategy 
to grade down marshes to an elevation that would be optimal for S. alterniflora, but no 
longer suitable for the invasive species P. australis might not be effective given rates of 
SLR projected for the region. There is currently no evidence that suggests physical 
modification of P. australis habitat will effectively eradicate the species since P. australis 
roots and rhizomes can extend meters below the soil surface (Haslam 1971). P. australis 
has also shown the ability to provide numerous ecosystem service benefits (Wainwright 
et al. 2000; Weiss & Weis 2001; Windham et al. 2001, 2003; Weis et al. 2002; Windham 
& Meyerson 2003; Yuhas et al. 2005; Hershner and Havens 2008). Eradication will 
therefore likely degrade any ecosystem services for several years with no certainty that 
the treatment will be effective for P. australis eradication or that the replacement 
community would be any better at providing more services in the long-run. It is 
hypothesized that re-engineering the marsh by disrupting the marsh peat -  such as been 
proposed by the USACE restoration strategy - will only enhance decomposition, 
resulting in further degradation of the marsh.
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A better long-term strategy may be to focus on the impending impacts from climate 
change. The documented rate of local sea level rise in Hampton Roads already exceeds 
the estimated capacity of marshes to accrete vertically in some locations in VA, which 
calls the US ACE wetlands restoration strategy into question (U.S. Climate Change 
Science Program 2009; Mitchell et al. 2013). Berman and Berquist (2009) mapped the 
distribution of tidal wetlands in the Lynnhaven River Basin and projected sea level rise 
using LIDAR-derived elevation surfaces. According to Berman and Berquist (2009), the 
selected US ACE restoration sites will be inundated under normal high tide conditions by 
the year 2040. This suggests that if no action is taken, there is a high probability that the 
P. australis marshes will convert to S. alterniflora marshes simply because sea level rise 
will make the area unsuitable for P. australis. The following analysis helps to inform the 
maximum time period that S. alterniflora could persist in the restored areas before 
converting to mudflats and thus the period of “enhanced” services (i.e. the difference in 
services between S. alterniflora and P. australis).
METHODS for Objective 1
LIDAR topographic data were combined with NOAA bathymetric data for the LRE to 
generate a tidally referenced Digital Elevation Model (DEM) of Virginia Beach, Virginia 
(Taylor et al. 2008) which was used as the basis for this assessment. The horizontal grid 
of the DEM is 9.3m x 9.3m with a resolution of 1 cm in the vertical. The Comprehensive 
Coastal Inventory Program’s shoreline inventory report for the City of Virginia Beach,
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Comprehensive Coastal Inventory Program’s tidal wetland inventory report for the City 
of Virginia Beach and URS’ P. australis inventory assessment were used to map the 
distribution of marsh types within the Lynnhaven (URS 2012; Berman et al. 2012). As 
part of the Comprehensive Coastal Inventory Program’s tidal inventory, marshes were 
delineated from high resolution imagery and their locations were verified in the field 
(Berman et al. 2012). For some marshes, the vegetation communities, including the 
presence of P. australis were assessed to understand the distribution of marsh types 
within the Lynnhaven (Berman et al. 2012).
Since tidal marsh plants have differing tolerances for inundation (Figure 3) (Perry and 
Hershner 1999), the DEM was used to identify the relative elevation preferences of P. 
australis and non P. australis based on presence and absence from Berman et al. (2012). 
Based on the DEM of Virginia Beach, the mean, maximum, and minimum plant 
elevations were calculated for P. australis and non P. australis within each region of the 
Lynnhaven using the statistical summary tool in ESRI® ArcMAP 10.0 Based on the 
elevation preferences, a range of marsh accretion rates applicable to the LRE and the sea 
level rise projections for southeast Virginia, predictions of future marsh habitat suitability 
and the availability of specific marsh species were determined. The sea level rise 
projections (present MSL+0.49, 0.99, 1.69, 2.29 m by 2100) were based on the National 
Climate Assessment scenarios with a modification for regional subsidence (+2 mm y"1) 
(National Climate Assessment 2012).
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In order to determine the range of marsh accretion rates applicable to the LRE, a meta­
analysis of vertical accretion rates of Mid-Atlantic salt marshes was completed based on 
compilation and re-analysis of Cahoon et al. (2006), French et al. (2006), and Craft et al. 
(2009). Estimates of marsh accretion represent the thickness of sediment above a marker 
horizon of known age or are determined through radiometric dating (Cahoon et al. 2006). 
Measurements of sediment accretion over an artificial marker horizon measure how the 
surface (i.e. mineral sediment deposition) and subsurface processes (e.g. compaction, 
subsidence, changes in root volume) influence the elevation of marshes over short 
timescales (1-15 years)(Cahoon et al. 2006). This is the most common method for 
measuring marsh accretion. Over longer timescales (decades to centuries), marsh 
accretion rates are most often estimated with radiometric dating of sediment cores (e.g. 
Pb210, Csl37, C-14)(Craft et al. 2009). These accretion rates offer a long-term 
perspective to marsh elevation that is most directly comparable to sea level trends.
Forty two unique measurements of accretion change from marshes in the Mid-Atlantic 
were compared to sea level rise projections for Southeast Virginia (Kirwan et al. in 
review; Cahoon et al. 2006; French et al. 2006; Craft et al. 2009; National Climate 
Assessment 2012). For each marsh location, the original literature was examined to 
determine the methodology, the duration of MH measurement, and the plant species 
composition. Low marsh and high marsh were distinguished largely based on plant 
species composition, where species such as tall form S. alterniflora, S. anglica, 
Schoenoplectus robustus, Juncus roemerianus, and Schoenoplectus americanus indicated
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low marsh, and species such as short form Spartina alterniflora, S. patens, Phragmites 
australis, Distichlis spicata, Limonium sp. and Salicornia sp. indicated high marsh 
(Kirwan et al. in review). Accretion rates were distinguished for low and high elevation 
marshes because frequently-flooded, low elevation marshes tend to build faster than high 
elevation marshes (Kirwan et al. in review). Accretion rates determined from C-14 
analysis, and SET-MH data based on measurements of less than 3 years were removed 
from the dataset.
Glick (2008) reported the mean marsh accretion rate (4.02 mm y '1) for VA but did not 
differentiate high and low marshes when calculating the state average. Glick (2008) only 
used five sites in VA (two freshwater marshes, one salt marsh and two unspecified 
marshes), and therefore it was determined that this statewide average would not be 
applicable to the Lynnhaven. Instead, a range of accretion rates for low and high marshes 
were assembled based on the meta-analysis as described above. A summary of the marsh 
accretion rates by subset is presented in Table 2. Both low and high marshes exist in the 
Lynnhaven therefore subcategories of marshes with only low marsh plants were analyzed 
separately from “all marshes” (both high and low marshes) in order to determine an 
appropriate range of accretion rates for the Lynnhaven.
The minimum accretion rate (5.04 mm y '1) for low marshes in the Mid-Atlantic 
represents an average of rates from 15 marshes excluding those in Wachapreague, 
Mockhom and Blackwater. These three marsh locations were excluded because they are
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all extensive marshes and two (Wachapreague and Mockhom) are located on the seaside 
of the Eastern Shore. All three systems deviate from the narrow fringing marshes 
characteristic of the Lynnhaven and therefore the marsh accretion rates from these 
systems were excluded because they are likely not representative of the Lynnhaven. The 
maximum accretion rate (5.70 mm y '1) for low marshes in the Mid-Atlantic, represents an 
average of rates from 17 marshes including those in Wachapreague, Mockhom and 
Blackwater (not all these locations had low marsh sites).
The minimum accretion rate (4.78 mm y '1) for all marshes in the Mid-Atlantic represents 
an average of rates from 38 marshes excluding those in Wachapreague, Mockhom and 
Blackwater. The maximum accretion rate (4.94 mm y 1) for all marshes in the Mid- 
Atlantic represents an average of rates from 42 marshes including those in Delaware Bay, 
DE; Rehoboth Bay, MD; Assawoman Bay, MD; Indian River Bay, DE; Eastern Bay, MD 
(Chesapeake Bay); Monie Bay, MD (Chesapeake Bay); Nanticoke River Estuary, MD 
(Chesapeake Bay); Potomac River, MD (Chesapeake Bay); Pocomoke Sound, MD 
(Chesapeake Bay); Blackwater National Wildlife Refuge, MD; Wachapreague, VA 
(Coastal Bays), and Mockhom Bay, VA. The number of sites included in each subset was 
dependent on the available data from an extensive literature review but is not meant to be 
comprehensive. The systems included in this synthesis are different from the Lynnhaven 
and therefore the accretion rates for Hampton Roads will likely vary from the sites 
included.
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The minimum elevation of P. australis relative to the minimum elevation of non P. 
australis was examined by region of the LRE to ensure the tide range was similar (Figure 
1). The difference between the minimums represents the vertical range in which S. 
alterniflora could persist if the restoration is successful (grading down the marsh to 
eradicate P. australis and re-establishing S. alterniflora). In order to determine how long 
S. alterniflora will remain a marsh before converting to a mudflat, the minimum 
accretion rate (5.04 mm y '1) for the average of low marshes in the Mid-Atlantic 
(excluding the 3 locations) was compared to each of the sea level rise rate scenarios. The 
difference between the minimum elevation of P. australis and the minimum elevation of 
non P. australis was divided by the difference between marsh accretion and the relative 
rate of SLR according to the equation (1):
(Min. elev. of Phrag (m)) -  (Min. elev. of Non -  phrag (m))Year = --------------------------------------------------------------------------- —
(Marsh accretion rate (m yr )) -  (Relative SLR rate (m yr ))
This methodology was completed using the range of marsh accretion rates (Table 3) to 
estimate the maximum time period that S. alterniflora could persist in the restored areas 
before converting to mudflats. This would also represent the maximum period of 
“enhanced” services (i.e. the difference in services between S. alterniflora and P. 
australis) if the restoration was successful. Though this analysis was completed for all the 
sub-watersheds in the Lynnhaven, Boxes 4 and 8  where the wetland restoration is 
proposed to take place were the focus. A system-wide prediction of marsh survival was 
also calculated using the minimum year determined across all the subwatersheds in the 
Lynnhaven (Table 4).
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RESULTS for Objective 1
According to the statistical summary in ESRI® ArcMAP 10.0, the minimum elevation of 
P. australis and the minimum elevation of non P. australis were statistically different in 
the majority of the regions in the Lynnhaven (Boxes 1, 3, 4, 6 , 7 and 8  in Figure 1). 
Therefore the difference between the minimum elevation of P. australis and the 
minimum elevation of non P. australis in equation 1 could be used to represent the 
vertical range in which S. alterniflora could persist.
Tables 3 and 4 illustrate that when sea level rise surpasses marsh accretion, marshes 
becomes vulnerable and eventually convert to mudflats. Whether considering where the 
USACE restoration will be taking place (Table 3) or the system wide estimate for the 
Lynnhaven (Table 4), S. alterniflora marshes will be replaced by mudflats (for both low 
and high zones) within the 50 year life span of the restoration project under the two 
highest SLR scenarios. The number of years in Table 3 refers to the maximum time 
period in which S. alterniflora would persist in the restored area before being replaced by 
mudflats. The difference between the minimum elevation of P. australis and the 
minimum elevation of non P. australis represents the vertical range in which S. 
alterniflora can persist. This window slowly diminishes over time because accretion can 
only build at a set rate compared to sea level rise which is increasing over time. 
According to the system-wide estimate, S. alterniflora marshes in the Lynnhaven will 
become mudflats within the next 24 to 1,489 years.
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An alternative method for assessing marsh vulnerability more generally is to compare 
marsh accretion rates to sea level rise rates regardless of species type or marsh elevation. 
Depending on the appropriate marsh accretion rate and the sea level rise rate experienced 
at a particular location, the time it will take for sea level rise to surpass marsh accretion 
will vary. Based on Figure 4, the highest SLR scenario will surpass the highest accretion 
rates (10 mm y '1) at some point before 2046; the highest and the second highest SLR 
scenarios will surpass the medium accretion rate (5 mm y '1) by 2016 and 2032 
respectively; and the lowest SLR scenario (historic rate) has already surpassed the lowest 
accretion rate ( 2  mm y '1).
DISCUSSION for Objective 1
Marsh persistence depends on its ability to build vertically at rates greater than sea level 
rise, or alternatively to migrate inland at rates faster than the erosion at the seaward 
boundary (Stevenson et al. 1986; Ward 1998; Cahoon et al. 2006; FitzGerald et al. 2008; 
Kirwan et al. 2010). Mechanisms exist that allow marshes to adapt to varying rates of sea 
level rise but these biophysical interactions have thresholds and multiple stable states that 
make prediction of future marsh sustainability difficult (Marani et al. 2013; Mariotti and 
Fagherazzi 2013). There are lots of factors controlling the vulnerability of tidal salt 
marshes but this analysis attempted to evaluate the sustainability of S. alterniflora in the 
restored areas of the LRE according to the LRBERP. The USACE proposed wetland 
restoration strategy to grade down marshes to an elevation that would be optimal for S. 
alterniflora, but no longer suitable for the invasive species P. australis assumes a vertical
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range at which S. alterniflora might persist if the restoration is successful. This analysis 
includes the following assumptions:
1. The US ACE is successful in re-establishing S. alterniflora in areas where P. 
australis once dominated;
2. As sea level rises, the habitat suitability will change and S. alterniflora will 
naturally replace P. australis; and
3. The maximum ecosystem services achieved is only the difference between the S. 
alterniflora and P. australis services.
This simplified model of marsh survival in the Lynnhaven provides an estimate of the 
maximum time period in which ecosystem services might be enhanced by the presence of 
S. alterniflora as oppose to P. australis before the marsh is converted to mudflats. These 
results call into question the assumption that marshes will accrete indefinitely to keep 
pace with accelerating sea level rise. This is supported by the development of present day 
tidal coastal marshes which did not form until roughly 4,000 years ago when sea level 
rise had decreased substantially (from 2.5 mm y' 1 to 1mm y '1) and tidal marsh accretion 
rates were able to equal or exceed coastal submergence (Redfield 1972).
The uncertainty in the expected time period (25 years to 1,490 years) for S. alterniflora 
survival is due to the uncertainty in the processes governing the elevation of coastal 
wetlands, including marsh accretion. This analysis indicates that depending on the 
particular marsh accretion rate, there is more uncertainty (larger timespan) under the
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current SLR rate but the model starts to converge under the high and highest SLR 
scenarios across the various accretion rates. Under the highest predicted SLR rate, S. 
alterniflora vulnerability estimates converge around year 2039 which means the period of 
enhanced net ecosystem services provided by the restoration would be shorter than the 
lifespan of the project. It appears from a review of the tide gauge records from Sewells 
Point, VA that the “high SLR scenario” (Figure 4) is what Southeast Virginia is currently 
experiencing (Mitchell et al. 2013; Boon et al. 2012). If the added benefits of the 
restoration will only last for roughly 25 years, it would be more logical to allow S. 
alterniflora to naturally replace P. australis without undertaking the US ACE restoration 
efforts. The time period for marsh submergence is well within the lifespan of the USACE 
project; therefore it is recommended the USACE consider an alternative marsh 
restoration strategy.
One strategy to mitigate marsh loss and combat sea level rise is to allow P. australis to 
persist in tidal marshes, instead of attempting to eradicate it (Stevenson et al. 1986). 
However if mudflats eventually replace S. alterniflora and P. australis there could be a 
decrease in net ecosystem services. Habitat conversion due to sea level rise may result in 
an overall decline in the benthic community because fewer marshes would be available to 
subsidize the adjacent developed shorelines with nutrients and benthic infaunal recruits 
(Lawless 2008).
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The first order analysis of marsh response to sea level rise, demonstrated that there are 
some issues in assuming a constant accretion rate, yet it can still be a good way to get a 
general estimate. Several climate change vulnerability tools exist for wetlands (e.g. 
SLAMM, NOAA marsh migration model, USDA System for assessing the vulnerability 
of species http://www.fs.usda.gov/ccrc/tools/savs, Climate change vulnerability index 
http://www. natureserve. org/conservation-tools/climate-change-vulnerability-index, and 
Habitat Climate Change Vulnerability Index
https://connect.natureserve.org/publications/hccvi). Similarly as in the preliminary 
assessment in Objective 1, they all share some common assumptions including linear sea 
level rise and accretion rates. It is good to be aware of these assumptions and the 
limitations of such tools.
OBJECTIVE 2: Apply an ecosystem model to the Lynnhaven River Estuary to evaluate 
the survival and sustainability of ecosystem services from proposed restoration activities 
in the LRBERP under future temperature and SLR scenarios.
The purpose of this objective was to quantitatively predict coastal ecosystem response to 
climate change. A reduced complexity ecosystem model was applied to the Lynnhaven 
River to determine how climate warming and sea level rise would affect survival and 
sustainability of ecosystem services resulting from implementation of the USACE 
Lynnhaven Restoration Plan over the next 100 years (Figure 5). Sub-models for S. 
alterniflora, Z. marina, R. maritima, and C. virginica were added to the ecosystem model
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(Figure 6 ) which was calibrated to field measurements and biological rates obtained from 
the Lynnhaven or nearby systems. The ecosystem model was then used to quantify 
changes in survival and ecosystem services provided by marsh, SAV, and oyster 
communities under existing and future environmental conditions and to assess the 
impacts of climate change on the proposed restoration activities. The model and analyses 
were used to assess the potential for changes in ecosystem services over time, with the 
goal of informing effective investments in ecological restoration.
BACKGROUND for Objective 2
Clampitt et al. (1993) documented that the Lynnhaven River ecosystem once supported 
20 species of vertebrates, 39 invertebrate species, 76 plant species and 19 types of rare 
natural communities of statewide significance. Over the past several decades, however, 
water quality in the Lynnhaven River has declined, severely impacting both benthic and 
pelagic populations and species diversity (Clampitt et al. 1993). Ecosystem restoration is 
an important tool for addressing these issues because it can enhance secondary 
production and species diversity and can improve water quality (Chesapeake Bay 
Program Executive Council 2014). However, it is important to consider climate change in 
proposed restoration plans and to identify new strategies that may be useful and effective 
for adaptation.
Climate change impacts, ranging from increasing temperatures to accelerating sea level 
rise, will likely exacerbate the existing environmental stressors in the Lynnhaven. Recent
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trends, based on water level data at the Chesapeake Bay Bridge Tunnel, show the annual 
rate of relative sea level rise is 6.05 mm y '1. This trend is especially high for the region 
because the tide gauge is located in an area where subsidence is especially fast. The 
relative sea level rise trend for the Lynnhaven River is probably closer to around 4.8 mm 
y ' 1 (Mitchell et al. 2013). Boon (2012) predicted future sea level rise of 0.62 m ± 0.22 m 
by 2050 using NOAA tide gauge data from Sewells Point, VA. Regional climate model 
projections predict increases in air temperature in the Chesapeake region of 2°C to 5°C 
by 2100 (Najjar et al. 2010), and these projections are likely to translate into similar 
warming of the water (Pyke 2008; Najjar et al. 2010; Lake 2013).
This second objective aims to address how SLR and climate warming will affect the 
sustainability of restored SAV, oysters and marsh habitat and their capacity to provide 
ecosystem services in the Lynnhaven River Estuary by identifying the adaptive capacity - 
the degree to which a species or an ecosystem can accommodate or cope with the impacts 
of climate change. As we continue to document the effects of degradation on natural 
ecosystems, it is becoming increasingly important to understand the capacity and 
sustainability of restored habitats to provide ecosystem services through time. 
Unfortunately, these habitats will continue to be disproportionally affected by climate 
change so natural resource managers and restoration practitioners will need to consider 
how their target goals will be affected by SLR and temperature warming.
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METHODS for Objective 2 
Reduced Complexity Ecosystem Model
A previously developed reduced complexity ecosystem model that combines the benefits 
of both empirical and mechanistic modeling approaches was applied to the LRE (Brush 
2002, 2004; Brush et al. 2002; Brush and Brawley 2009; Lake and Brush in press; Brush 
and Nixon in review). Reduced complexity models provide an alternative to more 
complex, highly parameterized models (National Research Council 2000; Duarte et al. 
2003; Brush and Nixon in review). This model includes only those state variables and 
rate processes that are of primary importance to the process of estuarine eutrophication, 
and integrates robust empirical relationships that have been shown to apply across 
multiple temperate estuaries in order to predict key rate processes.
The reduced complexity model simulates state variables and rate processes of first-order 
importance (Figure 5). Core rate processes (phytoplankton production, pelagic 
respiration, and carbon flux to the sediments) are formulated using robust, cross-system 
empirical relationships shown to apply across a wide range of temperate estuaries. The 
model formulation and calibration are rooted in actual measurements, allowing a direct 
comparison of model predictions to observations (Brush et al. 2002; Brush and Nixon in 
review). The use of reduced-complexity models that incorporate both traditional 
mechanistic approaches and empirical functions maximizes the use of available data 
while limiting excessive parameterization, known as “tuning”, and error propagation
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from loosely constrained variables (Reckhow 1999; Pace 2001; Brush et al. 2002). 
Reduced complexity models have been widely used as management-relevant synthesis 
tools to address complex sets of hypotheses related to ecosystem function (Stow et al. 
2003; Brush 2004; Scavia et al. 2004, 2006; Swaney et al. 2008; Lake and Brush in press; 
Brush and Nixon in review).
The model, as applied to the LRE, simulates daily fluctuations over an average annual 
cycle of phytoplankton and benthic microalgae (BMA) in units of carbon (N, P, and 
chlorophyll-a contents computed stoichiometrically), water column dissolved inorganic 
nitrogen (DIN) and phosphorous (DIP), total suspended solids (TSS), dissolved oxygen 
(DO or O2), and water column and sediment pools of labile organic carbon ( C w c  and 
C s e d , respectively) and associated nutrients. The model operates in a series of relatively 
coarse spatial elements with exchanges computed using a tidal prism approach. The 
drawback of the reduced spatial resolution is that it loses some of the small-scale 
variations in water quality but the advantage of the reduced complexity model is its quick 
implementation in new study systems, its fast run times, and the ready translation to user- 
friendly, decision-support tools. Recent work has demonstrated the utility of reduced 
complexity models because they operate at the typical scale of available monitoring data 
(e.g., Testa and Kemp 2008) and are ideal for management and policy applications (NRC 
2000; Pace 2001; Duarte et al. 2003). The reduced complexity ecosystem model used 
here is especially relevant for coastal management because it can be hosted online and
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used directly by stakeholders to conduct scenario analyses
(http://www.vims.edu/research/departments/bio/programs/semp/models/index.php).
The reduced complexity model was applied to the Lynnhaven River, coupled to sub­
models for four species being restored as part of the LRBERP (Figure 6 ), and used to run 
water temperature and sea level rise (SLR) scenarios. The goal of this scenario-based 
reduced complexity modeling assessment is to inform restoration decision-making for the 
Lynnhaven River watershed. The model, which is widely applicable to other shallow 
water estuarine systems, is an adaptive management tool which can be used to reduce the 
risk of making maladaptive decisions and, consequently, better prepare for the future. In 
the following sections, modifications that have been made to adapt the model to the LRE 
are outlined. Additional details on the formulations have been published elsewhere (see 
above).
Model Formulation and Forcing Data
Using CCRM’s shoreline inventory data, the Lynnhaven River ecosystem was divided 
into eight spatial elements (boxes) (Figure 1). The watershed boundary and boundaries of 
the sub-watersheds corresponding to each spatial element were delineated using the DEM 
and the Watershed tool in ESRI® ArcMAP 10.0 (Figure 1). The surface area, mean depth 
and volume within each box (Table 5) were calculated in ESRI® ArcMAP 10.0 from 
mean high water (MWH) to the bottom.
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Vertical profiles of temperature and salinity in the Lynnhaven indicate that the system is 
vertically well-mixed (Park et al. 1995a). Due to the small salinity gradient, the 
ecosystem model uses vertically averaged, one layer boxes with exchanges computed 
using a tidal prism approach. The closest NOAA tide station is outside the Lynnhaven on 
the Chesapeake Bay Bridge Tunnel (CBBT), VA - Station ID: 8638863. The mean tide 
range reported on NOAA Tides and Currents (www.tidesandcurrents.noaa.gov/) for the 
CBBT is 0.78 m (the difference between Mean High Water and Mean Low Water over 
the most recent 19-year tidal epoch). However, the tide range is modified substantially 
within the system due to numerous constrictions (Sisson et al. 2010); consequently tide 
ranges calculated by the SCHISM hydrodynamic model (Zhang and Baptista 2008) were 
obtained for each box (Zhang and Ye, pers. comm.) (Table 6 ). The SCHISM model, 
using the 2D depth-averaged configuration, is calibrated against all tidal gauges inside 
and outside the Bay. The unstructured model grid consists of 1.8 million triangles and 
covers the entire U.S. east coast with a focus on the Chesapeake Bay. It has a variable 
resolution in space: ~25 km in the open ocean, -1.5 km along the open coast, 500 m 
along the main channel of the Bay, 150-300 m along channels of tributaries, -50 m near 
the shoreline, and -100 m on dry land (Zhang and Baptista 2008).
Daily inflowing and outflowing volumetric exchanges of water across each box interface 
were also obtained from the SCHISM model and compared to those computed using the 
tidal prism approach in the ecosystem model (Figures 7 and 8 ). The tidal prism approach 
within the ecosystem model produced exchanges within the range of the SCHISM model
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estimates in most boxes of the LRE. While the SCHISM model captures high frequency 
variability characterized by meteorological and tidal forcing, the intended purpose of the 
ecosystem model was to capture the mean annual cycle so capturing the correct 
magnitude was determined to be sufficient for the intended model simulations of this 
investigation. However, the tidal prism approach resulted in higher exchanges than those 
calculated by the SCHISM model in Boxes 1, 7 and 8 . The tidal prism approach, which 
uses the CBBT tide range, is certainly over predicting exchanges in Boxes 7 and 8 ; 
however the SCHISM model is likely under predicting the exchange in these boxes due 
to the poor quality of bathymetric data in Broad and Linkhom Bays (Zhang, pers. 
comm.). It is less clear why the tidal prism approach overestimated exchanges across the 
inlet into Box 1. The water quality calibration was much poorer using SCHISM tide 
ranges compared to the CBBT range, so the latter was used for Boxes 1, 7 and 8 ; this 
remains an issue for further investigation.
Mean monthly watershed loads of fresh water, sediment (TSS), dissolved inorganic 
nitrogen (N H /, NO2", NO3 '), and dissolved inorganic phosphorus (PO43") were obtained 
from the Chesapeake Bay Program Phase V model (U.S. Environmental Protection 
Agency 2010) for the Lynnhaven watershed over the time period 1999-2005 and 
expressed as yields per area of watershed (Figure 9). These yields were scaled to the area 
of each LRE sub-watershed to estimate monthly loads to each box (Figure 9). There are 
no waste water treatment facilities in the Lynnhaven watershed so no point sources were 
included.
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Monitoring data that has been collected approximately every two months (depending on 
location and date) for water temperature, salinity, turbidity (NTU), water column 
chlorophyll-^ (Chl-ri), TSS, DO, DIN and DIP were downloaded from the Virginia 
Department of Environmental Quality (VA DEQ) website (http://www.deq.virginia.gov) 
for the period 1999-2006. Temperature, salinity, and turbidity were linearly interpolated 
between sampling dates and used to compute mean annual cycles which were forced into 
each box of the model. The DEQ station in Box 1 (LYNN 000.03) was located in the 
inlet to the system, so concentrations of water column Chl-a, DO, TSS, DIN, and DIP 
from that station were similarly interpolated, used to compute mean annual cycles and 
combined with tidal prism model estimates of advection into the LRE in order to estimate 
inputs across the mouth.
A series of light attenuation (kp) measurements collected between March 2005 and 
December 2006 (Moore, unpublished; presented in Sisson et al. 2010a) were used to 
develop multiple regression models for light attenuation from eight monitoring stations in 
six regions within the LRE (Boxes 1, 4, 5, 6 , 7, and 8 ). Regressions were developed 
using extracted water column Chi-a, turbidity, TSS, and salinity. The kp -  NTU 
regression was the best fitting model so NTU data were forced in order to compute kp (m‘ 
1) according to the equation:
kp =0.1321*NTU+0.765
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Photosynthetically active radiation (PAR) data from Horn Point Lab, MD (January 1999 - 
December 2006; Fisher et al. 2003) were used to compute an average annual cycle. Daily 
mean wind speed at the Norfolk International Airport in Virginia (January 1999 - 
December 2006) was downloaded (http://www.ncdc.noaa.gov) and used to calculate an 
average annual cycle.
Formulations of the parent estuarine model are reported in Brush (2002) and Brush and 
Nixon (2010), in review. Given the extensive photic shoals and active benthic microalgae 
(BMA) community in the LRE, the BMA sub-model developed by Brush (2012) and 
Lake (2013) was added to the model. The model was solved with a time step of 0.01325 
days (45 minutes); initial values of each state variable are given in Table 7.
Parent Model Modifications
The following modifications to the parent model are described below:
(1) The parent model simulates daily phytoplankton production as a function of the 
composite parameter BZPI0. This approach computes daytime phytoplankton net
2 1 3production (NPPd, g C m '  d' ) as a function of chlorophyll-a biomass (B, mg m ' ), photic
depth (Zp, m), and incident irradiance (photosynthetically active radiation, PAR) (ID, E m' 
0 1d ' ) where bezi and hibzi are the fitted y-intercept and slope, respectively:
NPPd = bfizi + mBzi*BZpI0 
Past applications of the model have utilized either a constant or temperature-dependent 
slope; in this implementation, the latter was implemented (Tw = water temperature):
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i i i b z i  = MIN(0.76*EXP(0.051 *(TW-15)), 1.1)
As recommended by Brush et al. (2002) and in other applications of the model, the 
intercept was kept at zero.
(2) The vertical attenuation coefficient for irradiance (kz>, m '1) was modeled as a function 
of forced turbidity (NTU) data sampled by DEQ, using a regression fit to data collected 
by K. Moore (pers. comm.) in the Lynnhaven in 2005-06 (see above):
kp = 0.1321*NTU + 0.765
(3) Chlorophyll-^ was converted to carbon using a C:Chl-« ratio of 44 g g '1. The ratio 
was computed as the slope of the regression between particulate organic carbon and 
chlorophyll-a using Chesapeake Bay Program (CBP) monitoring data (1999-2006) for 
station CB8.1E near the mouth of the Lynnhaven. This value is close to those obtained 
(42.9 and 37.6 g g '1) using the relationships between C:Chl and kd from Cerco and Noel 
(2004) during spring and summer, respectively, and mean measured kz> from K. Moore 
(pers. comm.). BMA chlorophyll-^ was converted to carbon using the same mean C:Chl- 
a ratio developed for phytoplankton of 44 g g '1.
(4) The parent model simulates pelagic respiration (Rwc, g C m '2 d '1) by consuming a 
temperature-dependent fraction of the moving average phytoplankton biomass (PHYav):
R„c = PHY„ • M ltlRwc, * ^ ' T' \  1) 
where the intercept and exponent are determined by calibration. During calibration, this 
formulation resulted in artificially large blooms in Boxes 6 , 7 and 8 , and increases in the 
coefficients resulted in unrealistic oscillations, so the moving average function was 
replaced with a quadratic function of daily phytoplankton biomass (PHY) based on that
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used in the current CBP eutrophication model (Cerco and Noel 2004):
Rwc = PH Y2 • MINiRWCt • e fec*'r- ),l)
The exponent ( RWCt) of 0.02 °C' 1 was obtained from Smith and Kemp’s (1995) 
relationship between temperature and plankton community respiration (PCR) in the lower 
Chesapeake Bay. The 0°C intercept (R WCq ) was set by calibration at 0.2 d '1.
(5) The parent model respires a temperature-dependent fraction of sediment carbon each 
day. The intercept at 0°C (0.2 d’1) was determined by calibration and the exponent (0.057 
°C'1) was computed from a Qio value of 1.76 based on a long-term dataset of sediment 
oxygen demand in the polyhaline Chesapeake Bay (Boynton and Bailey 2008).
(6 ) The parent model simulates denitrification as a function of residence time; 
subsequent versions have changed to a temperature-dependent function. The intercept at 
0°C (0.05 d 1) and the exponent (0.04 °C 1) were determined by calibration.
(7) BMA production and respiration were simulated at 0.5 meter depth intervals within 
each box, as a function of irradiance at depth and temperature. Nutrient limitation was not
included since BMA have the ability to obtain nutrients from overlying water as well as
2 1pore water within the sediments. Modeled BMA respiration (R b m a , g C m '  d ' ) consumes 
a temperature-dependent fraction of the BMA biomass (BM Ab, g C m ' )  following the 
model of Buzzelli et al. (1999):
R b u a  -  B M A S  •  R bm a ,  *
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where the optimal temperature ( T o p i )  was set at 20 °C. The intercept at 20°C (0.045 d '1)
and the exponent (0.069 °C'1) were from Lake and Brush (2015). Total BMA loss
2 1(BMAioss, g C m '  d ' ) includes the respiratory rate and two mortality terms:
B M 4oss = Rbma + (o. 1 • B M 4  ) f  (o. 1 • BMAb )
The coefficients (0.1) in the second and third terms of the equation were determined by 
calibration.
TSS sub-model
A TSS sub-model was added in recent applications of the parent model (Brush 2011; 
Brush and Kellogg 2014). The TSS sub-model includes terms for settling velocity and 
resuspension. The TSS settling velocity used in the CBP eutrophication model ranges 
from 1 to 4 m d' 1 (Cerco and Myers 2004). Originally, during calibration, a middle value 
(2.5) was divided by box thickness to yield an instantaneous rate (d"1). However this 
resulted in TSS concentrations below measured values so lower sinking rates were 
applied and varied by box during the calibration (Table 7). In addition, resuspension was 
determined for each box during the calibration (Table 7).
Modifications to Restoration Sub-models
The existing models of sub-tidal oyster C. virginica (Hofmann et al. 1992; Fulford et al. 
2007; Brush et al. 2014; Kellogg et al. 2014), eelgrass Z. marina (Jarvis et al. 2014), 
widgeon grass R. maritima (Cerco & Moore 2001) and smooth cordgrass S. alterniflora 
(Buzzelli et al. 1999) were coupled to the parent model. The main features of these
36
models are described below; only modifications to the specific equations and parameter 
values are described in detail and included in Table 8 .
C. vireinica sub-model
The C. virginica sub-model is based on Hofmann et al. (1992), Cerco and Noel (2007), 
Fulford et al. (2007), Brush and Kellogg (2014) and Kellogg et al. (2014). The ordinary 
differential equation for net production in this model is equal to the sum of somatic and 
reproductive tissue production, which is equivalent to the difference between the 
assimilation rate and respiration rate. C. virginica filtration rate is a weight-dependent 
function limited by salinity, dissolved oxygen, TSS, and temperature. There are several 
assumptions in this formulation including the assumptions that all particles are removed 
by filtration, that oysters feed continuously and that filtration rate does not vary with food 
availability. As recommended by Hofmann et al al. (1992), a mortality estimate was not 
included in the model. Ingestion rate is the product of filtration rate and ambient food 
concentration. Assimilation rate is the product of ingestion and assimilation efficiency. 
Respiration rate is a function of temperature and oyster weight.
C. virginica forcing data
The acres of oyster reefs in each box were forced according to the proposed USACE 
(2013) restoration plan: 8 .1 acres for Box 2, 20.2 acres for Box 7 and 0.7 acres for Box 8 . 
Mean adult oyster densities observed by Lipcius (2013) on the restored reefs in Boxes 2, 
7, and 8  (65, 78, and 44 m'2, respectively) were converted to 263,045; 315,654; and
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178,061 acre'1, respectively. Initial oyster weights (1.04 g dry weight (DW) in Box 2,
0.51 g DW in Box 7 and 0.47 g DW in Box 8 ) were based on the approximate mean 
observed oyster length of 60 mm (on the restored reefs) converted to weight, using 
conversion equations specific to each box (Lipcius 2013). The mean oyster length was 
estimated from size-frequency histograms for oysters sampled on restored oyster reefs in 
the Lynnhaven (Lipcius 2013).
Z. marina sub-model
The Z. marina sub-model is based on Buzzelli et al. (1999) and Jarvis et al. (2014). The 
governing equation for Z. marina vegetative shoot biomass establishes a balance between 
gains through photosynthesis and losses due to mortality (leaf sloughing), respiration and 
translocation to roots and rhizomes. The governing equation for Z. marina root and 
rhizome biomass is equal to the net balance between gains through translocation and 
losses due to respiration and mortality. A fraction of Z. marina net shoot production
(photosynthesis -  respiration) is translocated to the roots and rhizomes at a rate of 0.25 d'
i
Z. marina shoot production is computed as the function of a temperature dependent 
maximum rate (related to ambient temperature, Tw, and the optimum water temperature, 
Topt = 22.5) which is limited by available light (Wetzel and Penhale 1983; Madden and 
Kemp 1996; Cerco and Moore 2001; Jarvis et al. 2014). The Z. marina sub-model does 
not include a nutrient limitation term because it is assumed there is an unlimited nutrient
38
supply in the sediments. Z. marina shoot respiration rate (Rzs, d"1) is a temperature- 
dependent function of daily shoot growth rate (PRzs, d '1):
PRzs*[Rzmsh0 *(Tw+0.105) + e «0 -135*Tw)-10D]
This equation is identical to that in Buzzelli et al. (1999) and Jarvis et al. (2014) except 
for the value of the first parameter( RZMSHo) which was set during calibration at 0.025 d '1.
Z. marina shoot mortality rate (Mzs; d '1) was simulated as in Jarvis et al. (2014), with the 
addition of an increased fall mortality rate from Buzzelli et al. (1999) based on julian 
days (JD):
IF (JD < 333) THEN (0.0i 3 5 e-°°oo3(jD-333) 2) ELSE (0.0135e~°0005(333~JD)')
The optimum temperature for Z. marina root and rhizome respiration was set at 22° C.
R. maritima sub-model
The R. maritima sub-model was based on Cerco and Moore (2001). The governing
equation for R. maritima shoot biomass is equal to the net balance between gains through
photosynthesis, and losses due to mortality (leaf sloughing), respiration, and translocation
to below ground biomass (Cerco and Moore 2001). R. maritima shoot production was
computed as a temperature dependent maximum rate (related to ambient temperature,
(Tw), and the optimum water temperature, (Topt = 30)) which is limited by available light
(Cerco and Moore 2001). The R. maritima sub-model does not include a nutrient
limitation term because it is assumed there is an unlimited nutrient supply in the
sediments. The governing equation for R. maritima root and rhizome biomass is equal to
the net balance between gains through translocation and losses due to respiration and
39
mortality. Translocation is a function of daytime R. maritima shoot production. The 
fraction of production that is translocated from the shoots to the roots is a function of the 
time of year. In March, 0.85 d' 1 of the R. maritima vegetative shoot production is 
translocated to the roots and rhizomes but during the rest of the year 0 . 1  d' 1 of production 
is translocated (Cerco and Moore 2001). On julian day 30, there is a pulse of 
translocation from the roots to the shoots to initiate growth based on Madden and Kemp 
(1996).
Instantaneous rates ( d 1) of maximum shoot production, shoot respiration and 
root/rhizome respiration were simulated as a function of temperature with an intermediate 
optimum:
IF (Tw < Topt) THEN (Rmax*EXP(-0.005*(Tw - Topt)2))
ELSE (Rmax*EXP(-0.002*(Tw - T„pt)2)).
Topt was set at 30 °C for all rates, and maximum rates (Rmax) were taken from Cerco and 
Moore (2001) for production and set at 0.045 d' 1 during calibration for respiration. A 
seasonally dependent root mortality rate (d'1) was added to the model:
IF (Tw < 25) THEN (0.00085) ELSE (0.0095)
The R. maritima sub-model was calibrated to match the annual cycle and peak seasonal 
biomass for shoot and root biomass as reported in Cerco and Moore (2001) using Bay- 
wide observations from Moore et al. 2000.
S. alterniflora sub-model
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The S. alterniflora sub-model is also based on Buzzelli et al. (1999). The governing 
equation for S. alterniflora vegetative shoot biomass establishes a balance between gains 
through photosynthesis and losses due to respiration, mortality (leaf sloughing) and 
translocation to roots and rhizomes. S. alterniflora shoot production is computed as the 
function of a temperature dependent maximum rate (related to ambient temperature, Tw) 
that is limited by available light. As an emergent plant, the S. alterniflora light function in 
the model uses incident PAR, not underwater PAR.
The S. alterniflora sub-model does not include a nutrient limitation term because it is 
assumed there is an unlimited nutrient supply in the sediments. The governing equation 
for S. alterniflora root and rhizome biomass establishes a balance between gains through 
translocation from the shoots to the roots and losses due to respiration, mortality and 
translocation to the shoots. Carbon translocation is bi-directional (both from the shoots 
and from the roots) with a time dependent component; there is a pulse of carbon from 
roots to shoots in spring, translocation of a constant fraction of net shoot production to 
roots whenever positive, and additional translocation from shoots to roots in the fall.
The only changes made to the Buzzelli et al. (1999) model were that the rates of shoot 
respiration, root/rhizome respiration, and root/rhizome mortality at 20°C were set during 
calibration. The former was set at 0.06 d '1, while the latter two terms were adjusted by 
box to keep the biomass in steady state on an annual basis (Table 8 ). A carbon to dry
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weight ratio of 0.45 g g' 1 was used to convert from carbon to dry weight for comparison 
to observations.
Model Calibration
The model was calibrated to VA DEQ data and rate process data collected in the 
Lynnhaven (Table 9). Average annual cycles ± 2 standard deviations (SD) were 
computed for all water quality data (except DIP due to limited data availability) for the 
eight boxes in the model. For boxes containing multiple monitoring stations, values were 
averaged across stations and error was propagated using the formula 2 *(V((SDj2 + SD22 + 
... + SDn2/n)) where n is the number of stations. The model was calibrated so that output 
fell within two standard deviations of the annual average cycles or within the envelope of 
the observations.
The Lynnhaven ecosystem model, without the proposed restoration, was calibrated to the 
VA DEQ monitoring data for the average annual cycles of water column Chl-a, DIN,
DIP, TSS and O2 for the eight boxes in the LRE along with data provided by Ken Moore 
and Mark Brush (pers. comm.; reported in Sisson et al. 2010a) for ko, BMA Chi-a 
biomass, and metabolic rates (using oxygen incubations) of water column and sediment 
primary production, pelagic respiration, and sediment respiration (Table 9).
Phytoplankton net primary production (PHYTO NPP), net community production (NCP), 
BMA gross primary production (BMA GPP), and water column and sediment respiration
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rates (WC R and SED R) were calibrated to rates measured in the Lynnhaven from 2005 - 
2008 (Brush unpublished). Denitrification rates were calibrated to measurements made 
in the mainstem of the Chesapeake Bay and selected tributaries (Kana et al. 1998, 2006; 
Boynton et al. 2008; Cornwell and Owens 2011).
C. virsinica sub-model calibration
The p-value is the proportion of potential ingestion that actually occurs each day. The 
limitation of a box model approach is that oysters in one reef have access to all the water 
in the box as opposed to just the water in a smaller grid cell. The assumption in the box 
model version is that food cannot be depleted locally; this assumption could lead to 
artificially high ingestion of plankton. The p-value corrects for this assumption by 
reducing ingestion until modeled growth matches observed rates. Table 8  gives p-values 
determined in each box during calibration.
Using the initial oyster weights determined from Lipcius (2013), the model predicts an 
annual growth rate which can be compared to previously published growth functions 
from nearby systems. Based on growth curves from the James, Piankatank, and 
Wicomico Rivers, a 60 mm oyster should grow about 20 mm y ' 1 (Harding et al. 2008; 
Mann et al. 2009; Harding et al. 2010; Southworth et al. 2010). Therefore, a final mean 
length of 80 mm was converted to weight using conversion equations specific to each box 
(1.9, 1.05, and 0.91 g dry weight, DW), and the model p-values were calibrated to match 
this final weight as closely as possible. The C. virginica sub-model predicted correct
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annual growth rates and final mean weights based on growth curves from the James, 
Piankatank, and Wicomico Rivers (Harding et al. 2008; Mann et al. 2009; Harding et al. 
2010; Southworth et al. 2010; Lipcius 2013).
Z. marina sub-model calibration
The Z. marina sub-model was calibrated to match the annual cycle and peak seasonal 
biomass for shoots and roots as reported in Buzzelli et al. (1999); in which observations 
from Goodwin Island, VA were used to calibrate their model (Moore et al. 1996). 
Eelgrass biomass reached a seasonal minimum during the summer months due to 
thermally induced die-backs. Eelgrass re-grew during the early fall and had its most 
significant growth period from early spring through early summer (Buzzelli et al. 1999).
R. maritima sub-model calibration
The R. maritima sub-model was calibrated to match the annual cycle and peak seasonal 
biomass for shoot biomass as reported in Cerco and Moore (2001) using Bay-wide 
observations from Moore et al. (2000). Root biomass was calibrated to observations 
collected by Moore et al. (1994), which indicated a range of 0.8 to 13 g C m' 2 with a 
mean of 6.1 g C m ' 2 (Cerco & Moore 2001).
S. alterniflora sub-model calibration
The S. alterniflora model was calibrated to match the correct annual cycle and peak 
seasonal biomass for live biomass as reported in Buzzelli et al. (1999), in which
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observations from Ware Creek Marsh (York River estuary), Carter Creek Marsh (York 
River estuary) and Wachapreague Marsh, VA (Mendelssohn 1973) were used to calibrate 
their model (Figure 10). The mean model maximum of 208 g C m ' 2 for peak S. 
alterniflora was similar to literature values in Ware Creek Marsh (225 g C m ' ) ,  Carter 
Creek Marsh (210 gC m'2), and Wachpreague Marsh (163 g C m'2) (Mendelssohn 1973) 
(Figure 10). Hershner (1977) also measured S. alterniflora biomass at Goat Point Creek 
marsh (York River estuary) and found that peak standing stock of live material was 425 g 
DW m"2 (191 g C m ‘2 using a C:DW ratio of 0.45 g g 1). The peak biomass in the model 
ranged from 133 to 261 g C m '2 throughout all the boxes which is similar to the range 
measured in VA by Mendelssohn (1973) and Hershner (1977).
The S. alterniflora sub-model predicted the correct annual cycle and peak seasonal 
biomass for root biomass according to Buzzelli et al. (1999). S. alterniflora root-rhizome 
biomass varied between 300 and 600 g C m '2 over the year which was similar to the 
range of values reported for marshes in Delaware and New Jersey (Smith et al. 1979; 
Gross et al. 1991). Even though the LRE model values were lower than the range in 
Buzzelli et al. (1999), there was a noticeable reduction in S. alterniflora root-rhizome 
biomass in mid-summer due to increased belowground respiratory demand (Buzzelli et 
al. 1999).
Skill Assessment
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A detailed skill assessment was conducted on model output where measured 
concentrations and rates were available to quantify the degree to which the model 
predicted the observations (Table 10 a -  i). Daily and annual mean absolute error, daily 
and annual mean percent error (% Error), and daily root mean squared error (RMSE) 
were calculated for each parameter (Brush and Nixon 2010). The Wilcoxon Signed Rank 
Test, a non-parametric statistical test for testing hypotheses on the median, was used to 
determine if the median difference between pairs of observations (model and observed) 
was zero. For the Wilcoxon Test, the model output was compared to the raw observations 
as well as the interpolated observations from the average annual cycles. While no single 
metric is suitable for assessing model skill for all parameters, this combination of 
multiple quantitative measurements, together with visual comparisons, was used to define 
specific areas of uncertainty within the model.
Model Simulations
Following calibration, the ecosystem model was used to simulate the proposed restoration 
activities in the LRBERP. A model simulation was run to represent the proposed US ACE 
restoration activities (94 acres of SAV, 31 acres of oyster reef habitat, and 38 acres of 
tidal wetlands) under current conditions. The calibrated model, with the four restoration 
sub-models, was used as a baseline comparison for all subsequent model simulations.
A series of simulations were then run to represent the proposed US ACE restoration under 
a variety of climate change scenarios, including: increasing water temperature (1, 2, 3 and
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5 °C), increasing sea level (+0.49, 0.99, 1.69, 2.29 m), and a combination of the highest 
temperature and sea level scenarios (+5°C, +2.29 m) (Table 11; Najjar et al. 2010; 
National Climate Assessment 2012). Simulations were used to predict ecosystem 
response in terms of selected water quality parameters, rate processes, survival of each 
restored species (S. alterniflora, Z. marina, R. maritima, and C. virginica), and changes 
in ecosystem services provided by restored C. virginica over the next 100 years.
Without a solid mechanistic understanding of how multiple climate change stressors 
interact, this project aimed to make predictions for two of the most important climate 
change impacts. The sea level rise scenarios were integrated into the model by adjusting 
the water depth in each box according to the projected increase for year 2100. The 
temperature scenarios were incorporated into the model by adjusting daily water 
temperature in each box according to the projected increase for year 2100. For each 
temperature warming scenario, water temperature was increased evenly throughout the 
entire year. The assumption, for the purpose of this project, is that watershed loading, 
salinity, CO2 and precipitation will not change as a result of climate change. For each 
simulation, the following outputs were analyzed:
1. Water quality and rate processes: Predicted TSS and Chi-a concentrations under 
the SLR and temperature scenarios as well as predicted water column respiration 
rates under warming temperature scenarios.
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2. Restoration evaluation: Growth and survival of restored seagrass, oyster and 
marsh communities.
3. Ecosystem services provided by oyster reefs: Amount of nitrogen (N) removed via 
denitrification and sequestered via burial and assimilation in animal tissues and 
shell, amount of phosphorus (P) sequestered via burial and assimilation, volume 
of water filtered and reduction in chlorophyll-# and TSS.
RESULTS for Objective 2 
Water Quality Calibration
Model predictions of ko (Figure 11 a -  h), water column Chi-# (Figure 12 a -  h), BMA 
Chi-# (Figure 13 a -  d), DO (Figure 14 a -  h), TSS (Figure 15 a -  h), DIN (Figure 16 a -  
h), DIP (Figure 17 a -  h), phytoplankton NPP (Figure 18 a -  h), BMA GPP (Figure 19 a -  
h), water column respiration (Figure 20 a -  h), sediment R (Figure 21 a -  h), and 
denitrification (Figure 22 a -  h) generally fell within the range of the observations across 
most boxes and throughout the year.
Model predictions of water column Chi-# (Figure 12 a -  h) followed the seasonal 
observations throughout the spring, summer, and fall and were within the correct 
magnitude during each season. However, in some instances, the model simulated a large 
summer bloom in Boxes 4, 6, and 8 (Figure 12 d, f, and h respectively), thus the mean 
absolute error between observations and predictions ranged between 0.05 and 12.5 (% 
error between 0.9 -  99.6), but when Boxes 4, 6, and 8 were excluded, the absolute error
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fell to 0.05 -  3.2. Modeled BMA Chi-a in the 0 -  0.5 m and 0.5 -  1 m depth segments 
was also within the range of the observed biomass at 0.5 m, from 2005 and 2006 (Brush 
unpublished), with percent error ranging between 1.9 and 48.6; 0.05 and 39.5, 
respectively (Figure 13 a -  d).
The model captured the seasonal cycle of DO, which is calculated based on temperature- 
salinity solubility and air-water gas exchanges, internal oxygen production by primary 
producers, as well as water column and sediment respiration (Figure 14 a -  h). The model 
did particularly well in the summer in Boxes 1 and 7 (Figure 14 a and g respectively), 
although predicted winter DO concentrations were frequently lower than observed 
concentrations, particularly in Boxes 1, 2, 3, and 7. This may be due in part to strong 
physical mixing by winter storms which act to mix the surface water over relatively short 
time scales (Figure 14 a, b, c, g). Since the model utilizes average daily wind speed and 
interpolated temperature and salinity between discrete sampling events, these short-term, 
intense storm events are not captured by the model. However, the model also over 
predicts DO in Boxes 6 and 8 which could be due to the shallow water bathymetry 
(Figure 14 f  and h). Absolute error associated with DO was between 0.4 and 4.3 mg m‘ .
The model typically underestimated TSS concentrations during the summer and fall 
which could be due to storm events (Figure 15 a -  h). Predictions in Boxes 1 - 7  (Figure 
15 a -  g) followed the seasonal cycle, but the model overestimated concentrations in Box
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8 (Figure 15 h). The annual mean absolute error for TSS ranged from 0.4 to 7.1 g m' (% 
error was between 1.3 and 79.6).
Modeled DIN concentrations were within the range of measured concentrations and 
followed the overall seasonal cycles (Figure 16 a -  h), except in Boxes 4, 6, and 8 (Figure 
16 d, f, and h). The model predicted artificially high concentrations in the winter, 
followed by a sudden drop in the summer when the DIN pool became depleted as a result 
of the large phytoplankton blooms in Boxes 4, 6, and 8. There are periods of time, 
specifically when concentrations were low, where the model overestimated DIN 
concentrations. This could be due, in part, to the rapid uptake of nutrients by 
phytoplankton in the surface water which may not be fully captured by the reduced 
complexity of the model formulations. While the percent error for DIN was relatively 
large compared to other terms, due to the overall low concentrations, the absolute error 
was between 0.7 and 13.9 g m'3. Modeled DIP concentrations were also within the range 
of measured concentrations (Figure 17 a -  h), except in Boxes 4, 6, and 8 (Figure 17 d, f, 
and h), due to the predicted summer phytoplankton bloom. In some instances the model 
underestimated DIP concentrations during the summer, which may be the result of uptake 
by the BMA or potentially lower than realized rates of DIP flux from the sediment during 
hypoxic conditions. Again, while the percent error for DIP was relatively large compared 
to the other terms measured, due to the overall low concentrations, the absolute error was 
between 0.03 and 1.3 g m'3.
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Modeled rates of phytoplankton NPP varied seasonally, with the highest rates in the 
summer (May -  Sep) and a gradual decrease through the fall (Figure 18 a -  h). These 
values were generally within the range of rates measured during 2007 and 2008 (Brush 
unpublished), but slightly below some of the higher rates measured in Box 7 (Figure 18 
g). Absolute error associated with modeled phytoplankton NPP was 0.6 -  2.5 g C m'2 d '1 
(Table lOf).
Modeled BMA GPP was higher in the spring, followed by a gradual decrease through the 
summer and a slight increase into the fall and winter (Figure 19 a -  h). Measured BMA 
GPP rates from 2005 and 2006 (Brush unpublished) were highly variable, especially in 
Box 7. As a result, annual mean absolute error ranged from 0.1 to 0.3 g C m'2 d '1 (% error 
was between 45.2 and 92.7). Modeled BMA GPP along the photic shoals varied on both 
daily and seasonal timescales, and was primarily controlled by the amount of light 
reaching the sediment surface. The highest rates typically were observed during the 
summer. These rates were normalized to the surface area in each depth slice (0 -0 .5  m, 
0.5 -  1 m etc.), rather than the total surface area of each box.
Modeled water column respiration was also within the range of the observations from 
2007 and 2008 (Brush unpublished) for Boxes 3 - 5  (Figure 20 c, d, e). The model under­
predicted this rate in Boxes 6 and 7 (Figure 20 f and g) and over-predicted it in Box 8
(Figure 20 h). The absolute errors associated with modeled rates of water column
0 1respiration were between 0.08 and 0.5 g C m' d' . Modeled sediment respiration
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increased in spring and summer and was relatively low in the fall and winter, similar to 
the observational data from 2005 and 2006 (Figure 21 a -  h). The model reached the 
correct magnitude in Boxes 1,5, and 7 (Figure 21 a, e, g), though underestimated 
observed rates in Box 3 (Figure 21 c). The absolute errors associated with sediment 
respiration were between 0.2 and 0.8 g C m'2 d '1. Modeled denitrification was within the 
range of observed rates from larger, deeper tributaries of the Chesapeake Bay (Figure 22 
a -  h). Modeled rates in Box 8 (Figure 22 h) were higher compared to all the other boxes 
but were similar to rates from the Patuxent River (Jenkins and Kemp 1984) and the 
Choptank River (Kana et al. 1998). Modeled denitrification in Box 8 could be higher 
compared to the other boxes due to higher mean temperature.
Simulation 1: Proposed Restoration
Even though model errors are often high, the model nevertheless captured the 
approximate concentrations and seasonal cycles for most properties in most boxes, which 
is sufficient for accomplishing the objective of evaluating the potential degradation of 
ecosystem services derived from the restoration over the next 100 years. The model was 
also used to evaluate how the system will respond to the proposed restoration. The 
percent change between the model run with the proposed restoration and the model run 
without the restoration is relatively small (Table 12). The percent change across all of the 
boxes ranged from -1.5 to -0.4 for Chl-a, -6.5 to -1.4 for TSS, -0.04 to 0.03 for DO, -0.9 
to 0.01 for DIN, -0.08 to 0.3 for DIP, -1.7 to -0.5 to phytoplankton NPP, -1.3 to 2.7 for 
sediment respiration and -2.8 to -0.9 for water column respiration. The proposed
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restoration had no effect on modeled BMA GPP or BMA Chi-a in the 0 -  0.5 m or 0.5 -  
1 m depth segments.
Simulation 2: Sea Level Rise (SLR) Scenario
The percent change between the baseline and the highest predicted sea level rise 
scenarios, by box, for C. virginica, Z. marina, R. maritima, and S. alterniflora biomass, 
as well as the ecosystem services associated with C. virginica restoration, are 
summarized in Table 13 a and b.
The sea level rise scenarios had no impact on S. alterniflora live, dead, or root biomass 
because the impact of water levels on marshes was not formulated in the model. Instead, 
S. alterniflora shoot production was computed for the entire box as a function of a 
temperature dependent maximum rate which is limited by available light. Model 
predictions of S. alterniflora live, dead, and root biomass (g C m ') in Boxes 4 and 8 
remained unchanged under the SLR scenarios, with respect to annual mean biomass 
(Figure 23 a; Figure 24 a; Figure 25 a), peak biomass (Figure 23 c; Figure 24 c, Figure 25 
c), and year-end biomass (Figure 23 e; Figure 24 e, Figure 25 e), respectively.
The model predictions of Z. marina shoot biomass (g C m'2) in Boxes 2 and 7 decreased 
across the SLR scenarios, with respect to annual mean biomass (Figure 26 a), peak 
biomass (Figure 26 c), and year-end biomass (Figure 26 e). Year-end Z. marina shoot 
biomass exhibited a large initial decrease under the 0.49 m SLR scenario. The percent
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change between the baseline and the 2.29 m SLR scenarios was -99 and -99 for Boxes 2 
and 7, respectively.
The model predictions of Z. marina root biomass (g C m'2) exhibited similar impacts 
across the SLR scenarios with respect to annual mean biomass (Figure 27 a), peak 
biomass (Figure 27 c), and year-end biomass (Figure 27 e). The percent change between 
the baseline and the 2.29 m SLR scenarios for year-end Z  marina root biomass was -97 
and -97 for Boxes 2 and 7, respectively.
The model predictions of R. maritima shoot biomass (g C m'2) in Boxes 2 and 7 
decreased under the 0.49 m SLR scenario and then plateaued across the 0.99, 1.69, 2.29 
m SLR scenarios, with respect to annual mean biomass (Figure 28 a), peak biomass 
(Figure 28 c), and year-end biomass (Figure 28 e). The model predictions of R. maritima 
root biomass (g C m ') in Boxes 2 and 7 decreased under the 0.49 m SLR scenario and 
then plateaued across the 0.99, 1.69, 2.29 m SLR scenarios, with respect to annual mean 
biomass (Figure 29 a), peak biomass (Figure 29 c), and year-end biomass (Figure 29 e). 
The percent change between the baseline and the 2.29 m SLR scenarios for year-end R. 
maritima shoot and root biomass was -100 for both Boxes 2 and 7.
The model predictions of C. virginica mean weight (Figure 30 a), peak weight (Figure 30 
b), net growth (Figure 30 c), and total growth (Figure 30 d) in Boxes 2, 7, and 8 
decreased across the SLR scenarios. Growth declined in the three boxes at different rates
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but the percent change between the baseline and the 2.29 m SLR scenarios for mean C. 
virginica weight was -47, -55, -63 for Boxes 2, 7, and 8 respectively. Total and net C. 
virginica growth was negative across the SLR scenarios but greatest under the 0.5m and 
lm SLR scenarios. The percent change between the baseline and the 2.29 m SLR 
scenarios for net C. virginica growth was -136, -141, -175 for Boxes 2, 7, and 8 
respectively.
The cumulative annual ecosystem services associated with C. virginica restoration were 
quantified for Boxes 2, 7, and 8, according to the proposed activities. Cumulative annual 
ecosystem services associated with C. virginica restoration under the SLR scenarios 
decreased across all the SLR scenarios (0.49 m, 0.99 m, 1.69 m, and 2.29 m). There were 
fewer ecosystem services in Box 8 relative to the other boxes because the proposed area 
of restored reef (0.69 acres) was much small than in Box 2 (8.08 acres) and Box 7 (20.16 
acres).
Volume Filtered
The model predictions of cumulative volume filtered in Boxes 2, 7, and 8 (Figure 31a) 
decreased across the SLR scenarios. The percent change between the baseline and the
2.29 m SLR scenarios was -43, -49, and -59 for Boxes 2, 7, and 8 respectively.
Chl-<2 Removed
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The model predictions of cumulative Chi-a removed in Boxes 2, 7, and 8 (Figure 31c) 
decreased across the SLR scenarios. The percent change between the baseline and the
2.29 m SLR scenarios was -65, -74, and -85 for Boxes 2, 7, and 8 respectively.
TSS Removed
The model predictions of cumulative TSS removed in Boxes 2, 7, and 8 (Figure 31 e) 
decreased across the SLR scenarios. The percent change between the baseline and the
2.29 m SLR scenarios was -30, -53, and -62 for Boxes 2, 7, and 8 respectively.
P Burial
The model predictions of cumulative P buried in the sediment and tissue in Boxes 2, 7, 
and 8 (Figure 31 g) decreased across the SLR scenarios. The percent change between the 
baseline and the 2.29 m SLR scenarios was -65, -74, and -85 for Boxes 2, 7, and 8 
respectively.
P Assimilated in Shell and Tissue
The model predictions of cumulative P assimilated in shell (Figure 31 i) and P 
assimilated in tissue (Figure 31 k) in Boxes 2, 7, and 8 decreased across the SLR 
scenarios. The percent change between the baseline and the 2.29 m SLR scenarios for 
both parameters was -78, -87, and -99 for Boxes 2, 7, and 8 respectively.
N Burial
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The model predictions of cumulative N buried in the sediment in Boxes 2, 7, and 8 
(Figure 31m) decreased across the SLR scenarios. The percent change between the 
baseline and the 2.29 m SLR scenarios was -65, -74, and -85 for Boxes 2, 7, and 8 
respectively.
N Assimilated in Shell and Tissue
The model predictions of cumulative N assimilated in shell (Figure 31 o) and N 
assimilated in tissue (Figure 31 q) in Boxes 2, 7, and 8 decreased across the SLR 
scenarios. The percent change between the baseline and the 2.29 m SLR scenarios for 
both parameters was -80, -90, and -100 for Boxes 2, 7, and 8 respectively.
N Denitrification
The model predictions of cumulative N denitrified in Boxes 2, 7, and 8 (Figure 31s) 
decreased across the SLR scenarios. The percent change between the baseline and the
2.29 m SLR scenarios was -13, -18, and -29 for Boxes 2, 7, and 8 respectively.
Summary o f  Changes in Ecosystem Services under SLR Scenario
The percent change between the baseline and the highest SLR scenarios was between -13 
and -29 for N denitrification, -43 and -59 for volume filtered, -65 and -85 for Chi-a 
removed, -30 and -62 for TSS removed, -65 and -85 for N burial, -80 and -100 for N 
assimilated in shell and tissue, -65 and -85 for P burial and between -78 and -99 for P 
assimilated in shell and tissue. N assimilated in shell and tissue (-80 to -100%) and P
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assimilated in shell and tissue (-78 to -99%) were most impacted by the SLR scenarios. 
This is likely due to a reduction in scope for growth. With less energy for growth and 
reproduction, the potential for nutrient assimilation via growth was also reduced.
Simulation 3: Temperature Scenario
Percent change between the baseline and the highest temperature scenarios, by Box, for 
C. virginica, Z. marina, R. maritima and S. alterniflora biomass, as well the ecosystem 
services associated with C. virginica restoration, are summarized in Table 13 c and d.
The model predictions of S. alterniflora live biomass (g C m‘ ) in Boxes 4 and 8 
decreased across the temperature scenarios (1, 2, 3 and 5°C), with respect to annual mean 
biomass (Figure 23 b), peak biomass (Figure 23 d), and year-end biomass (Figure 23 f). 
Year-end S. alterniflora live biomass exhibited the largest decrease compared to mean 
and peak biomass with a percent change between the baseline and the 5°C scenarios of - 
99 and -100 for Boxes 4 and 8, respectively.
The model predictions of S. alterniflora dead biomass (g C m' ) in Boxes 4 and 8 
decreased across the temperature scenarios (1, 2, 3 and 5°C), with respect to annual mean 
biomass (Figure 24 b), peak biomass (Figure 24 d), and year-end biomass (Figure 24 f). 
Year-end S. alterniflora dead biomass exhibited the largest decrease compared to mean 
and peak biomass with a percent change between the baseline and the 5°C scenarios of - 
99 and -100 for Boxes 4 and 8, respectively.
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The model predictions of S. alterniflora root biomass (g C m' ) in Boxes 4 and 8 
decreased across the temperature scenarios (1, 2, 3 and 5°C) with respect to annual mean 
biomass (Figure 25 b) and year-end biomass (Figure 25 f), whereas S. alterniflora peak 
root biomass (Figure 25 d) initially decreased under the 1°C scenario and then slowly 
increased across the remaining temperature scenarios (2, 3 and 5°C). Year-end S. 
alterniflora root biomass exhibited the largest decrease compared to mean and peak 
biomasses with a percent change between the baseline and the 5°C scenarios of -97.8 and 
-86.8 for Boxes 4 and 8, respectively. In summary, the percent change between the 
baseline and the 5°C scenarios was close to a 100% loss for year-end S. alterniflora dead 
(-99 and -100), live (-99 and -100) and root (-98 and -87) biomass for Boxes 4 and 8, 
respectively.
The model predictions of Z. marina biomass (g C m' ) in Boxes 2 and 7 decreased across 
the temperature scenarios (1, 2, 3 and 5°C) with respect to annual mean biomass (Figure 
26 b, Figure 27 b), peak biomass (Figure 26 d, Figure 27 d) and year-end biomass (Figure 
26 f, Figure 27 f) for shoots and roots respectively. Year-end Z. marina shoot and root 
biomass exhibited the largest decrease under the 1 °C scenario but the percent change 
between the baseline and the 5°C temperature scenarios was -100 for both Boxes 2 and 7.
The model predictions of R. maritima biomass (g C m‘2) in Boxes 2 and 7 increased 
across the temperature scenarios (1, 2, 3 and 5°C) with respect to annual mean biomass
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(Figure 28 b, Figure 29 b), peak biomass (Figure 28 d, Figure 29 d), and year-end 
biomass (Figure 28 f, Figure 29 f) for shoots and roots respectively. The percent change 
between the baseline and the 5°C temperature scenarios was substantially for R. maritima 
shoot biomass (59land 747) and R. maritima root biomass (225 and 318) for Boxes 2 and 
7, respectively.
The model predictions of C. virginica weight and growth in Boxes 2 and 7 initially 
increased under the 1 and 2°C temperature scenarios but then slowly decreased under the 
3 and 5°C temperature scenarios, with respect to mean weight (Figure 30 e), peak weight 
(Figure 30 f), net growth (Figure 30 g) and total growth (Figure 30 h). The 2 °C 
temperature scenario appeared to be an inflection point, at least in Boxes 2 and 7, 
whereas in Box 8, C. virginica weight decreased across the temperature scenarios (1, 2, 3, 
and 5°C). The percent change between the baseline and the 5°C temperature scenarios for 
mean C. virginica weight was 0.1, -8.5, and -27.7 for Boxes 2, 7, and 8 respectively.
Total and net C. virginica growth in Boxes 2 and 7 initially increased under the 1 and 
2°C temperature scenarios but then slowly decreased under the 3 and 5°C temperature 
scenarios. Again, total and net growth decreased across the temperature scenarios (1, 2, 3, 
and 5°C) in Box 8. The percent change between the baseline and the 5°C temperature 
scenarios for net C. virginica growth was -36, -39, and -96 for Boxes 2, 7, and 8 
respectively.
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The cumulative annual ecosystem services associated with C. virginica restoration were 
quantified for Boxes 2, 7 and 8 according to the proposed activities. Modeled cumulative 
annual volume filtered, Chi-a removed, TSS removed, N buried in sediment, N 
assimilated in shell and N assimilated in tissue and N denitrified responded differently 
across the temperature scenarios (1, 2, 3, and 5°C) but specifically in Boxes 2 and 7an 
inflection point was observed. The percent change in ecosystem services in Box 8 was 
not impacted as much as the other boxes by the warming temperature scenarios because 
the proposed restoration in this Box was on a much smaller scale and, therefore, had 
fewer services to begin with.
Volume Filtered
The model predictions of cumulative volume filtered in Boxes 2, 7, and 8 (Figure 31b) 
initially increased under the 1 and 2°C temperature scenarios but then slowly decreased 
under the 3 and 5°C temperature scenarios. The 2 °C temperature scenario appeared to be 
an inflection point. The percent change between the baseline and the 5°C temperature 
scenarios was 41, 26, and -8 for Boxes 2, 7, and 8 respectively.
Chi-a Removed
The model predictions of cumulative Chi-a removed in Boxes 2 and 7 (Figure 31 d) 
initially increased under the 1, 2, and 3°C temperature scenarios but then decreased under 
the 5°C temperature scenario. Box 8 experienced a similar inflection point as Boxes 2 
and 7, although it experienced it at a lower temperature scenario. For Box 8, cumulative
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Chi-a removed initially increased under the 1 and 2°C temperature scenarios and then 
decreased under the 3 and 5°C temperature scenarios. The 3°C temperature scenario 
appeared to be an inflection point for Boxes 2 and 7, whereas in Box 8 the inflection 
point was observed in the 2°C temperature scenario. The percent change between the 
baseline and the 5°C temperature scenarios was 34, 19, and -13 for Boxes 2, 7, and 8 
respectively.
TSS Removed
The model predictions of cumulative TSS removed in Boxes 2 and 7 (Figure 31 f) 
initially increased under the 1, 2 and 3°C temperature scenarios but then decreased under 
the 5°C temperature scenario. Box 8 experienced a similar inflection point as Boxes 2 
and 7, although it experienced it at a lower temperature scenario. For Box 8, cumulative 
TSS removed initially increased under the 1 and 2°C temperature scenarios and then 
decreased under the 3 and 5°C temperature scenarios. The 3°C temperature scenario 
appeared to be an inflection point for Boxes 2 and 7, whereas in Box 8 the inflection 
point was observed in the 2°C temperature scenario. The percent change between the 
baseline and the 5°C temperature scenarios was 38, 21, and -13 for Boxes 2, 7, and 8 
respectively.
P Burial
The model predictions of cumulative P buried in the sediment in Boxes 2 and 7 (Figure 
31 h) initially increased under the 1, 2, and 3°C temperature scenarios but then decreased
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under the 5°C temperature scenario. Box 8 experienced a similar inflection point as 
Boxes 2 and 7, although it experienced it at a lower temperature scenario. For Box 8, 
cumulative P burial initially increased under the 1 and 2°C temperature scenarios and 
then decreased under the 3 and 5°C temperature scenarios. The 3°C temperature scenario 
appeared to be an inflection point for Boxes 2 and 7 whereas in Box 8 the inflection point 
was observed in the 2°C temperature scenario. The percent change between the baseline 
and the 5°C temperature scenarios was 34, 19, and -13 for Boxes 2, 7, and 8 respectively.
P Assimilated in Shell and Tissue
The model predictions of cumulative P assimilated in shell (Figure 31 j) and P 
assimilated in tissue (Figure 31 1) in Boxes 2 and 7 initially increased under the 1 and 2°C 
temperature scenarios but then decreased under the 3 and 5°C temperature scenarios. The 
2°C temperature scenario appeared to be an inflection point for Boxes 2 and 7. Except for 
in Box 8, where the model simulation of cumulative N assimilated in shell and tissue 
decreased across the SLR scenarios (1, 2, 3 and 5°C). The percent change between the 
baseline and the 5°C temperature scenarios for both parameters was -6, -26, and -45 for 
Boxes 2, 7, and 8 respectively.
N Burial
The model predictions of cumulative N buried in the sediment in Boxes 2 and 7 (Figure 
31 n) initially increased under the 1,2 and 3°C temperature scenarios but then decreased 
under the 5°C temperature scenario. Box 8 experienced a similar inflection point as
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Boxes 2 and 7, although it experienced it at a lower temperature scenario. For Box 8, 
cumulative N buried initially increased under the 1 and 2°C temperature scenarios and 
then decreased under the 3 and 5°C temperature scenarios. The 3°C temperature scenario 
appeared to be an inflection point for Boxes 2 and 7 whereas in Box 8 the inflection 
point was observed in the 2°C temperature scenario. The percent change between the 
baseline and the 2.29 m SLR scenarios was 34, 19, and -13 for Boxes 2, 7, and 8 
respectively.
N Assimilated in Shell and Tissue
The model predictions of cumulative N assimilated in shell (Figure 31 p) and N 
assimilated in tissue (Figure 31 r) in Boxes 2 and 7 initially increased under the 1 and 
2°C temperature scenarios but then decreased under the 3 and 5°C temperature scenarios. 
The 2°C temperature scenario appeared to be an inflection point for Boxes 2 and 7. 
However, the model simulation of cumulative N assimilated in shell and tissue in Box 8 
decreased across the SLR scenarios (1, 2, 3 and 5°C). The percent change between the 
baseline and the 5°C temperature scenarios for both parameters was -9, -30, and -48 for 
Boxes 2, 7, and 8 respectively.
N Denitrification
The model predictions of cumulative N denitrified in Boxes 2, 7, and 8 (Figure 31 t) 
increased across the SLR scenarios (1, 2, 3 and 5°C). The percent change between the
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baseline and the 5°C temperature scenarios was 56, 54, and 43 for Boxes 2, 7, and 8 
respectively.
Summary o f Changes in Ecosystem Services under Temperature Scenario 
The percent change between the baseline and the warmest temperature scenarios for all 
three boxes was between 43 and 56 for N denitrification, -8 and 41 for volume filtered, - 
13 and 34 for Chl-a removed, -13 and 38 for TSS removed, -13 and 34 for N burial, -48 
and -9 for N assimilated in shell and tissue, -13 and 34 for P burial and -45 and -6 for P 
assimilated in shell and tissue. Temperature warming had the largest positive impact on 
denitrification and the biggest negative impacts on N and P assimilated in shell and tissue 
due to a reduction in scope for growth. Nutrient assimilation was also most negatively 
impacted by the sea level rise scenarios.
Simulation 4: Combined Highest Sea Level Rise Scenario and Warmest Temperature 
Scenario
Percent change between the baseline and the highest temperature/highest sea level rise 
scenarios, by Box, for C. virginica, Z. marina, R. maritima and S. alterniflora biomass, as 
well as the ecosystem services associated with C. virginica restoration, are summarized in 
Table 13 e and f. The simulation combining the highest sea level rise with the warmest 
temperature scenario did not necessarily have an additive effect for many of the 
parameters, except for S. alterniflora live, dead or root biomass where the percent change 
in the combined scenario was equal to the percent change under the temperature scenario
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since the sea level rise scenarios had no impact on S. alterniflora. Therefore the 
combined scenario was equivalent to the percent change under the warmest temperature 
scenario as described above.
The model predictions of Z. marina shoot biomass (g C m"2) in Boxes 2 and 7 under the 
combined scenario was less than the biomass predicted under the highest SLR scenario 
on its own with the exception of peak biomass in Box 2. The model predictions of Z. 
marina root biomass (g C m'2) in Boxes 2 and 7 under the combined scenario was less 
than the highest SLR scenario on its own with the exception of peak biomass in Box 2. 
The model predictions of R. maritima shoot and root biomass (g C m' ) in Boxes 2 and 7 
under the combined scenario was less than the highest SLR scenario on its own. The 
percent change between the baseline and the highest SLR/temperature combined 
scenarios for Z  marina shoot, Z  marina root, R. maritima shoot and R. maritima root 
biomass were all 100 for both Boxes 2 and 7.
The model predictions of C. virginica dry weight (DW), as well as the total and net 
growth under the combined scenarios, were more negatively impacted than in the highest 
SLR or temperature scenarios independently. The percent change for the combined 
SLR/temperature scenario for net C. virginica growth (-155,-159 and -191) and mean C. 
virginica weight (-52, -62 and -71) for Boxes 2, 7 and 8, respectively, was greater than in 
the highest SLR scenario on its own. The combined highest SLR/temperature scenario 
negatively impacted C. virginica individual weight more so than the highest SLR or
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temperature scenario on its own but SLR had a bigger impact than temperature most 
likely due to the food supply issue.
The model was used to test the hypothesis that climate warming and SLR would 
significantly reduce the overall ecosystem services provided by oysters, and the model 
predictions supported this prediction. In many of the boxes, the cumulative annual 
ecosystem services associated with the C. virginica restoration were reduced under the 
highest sea level rise scenario and increased under the warmest temperature scenario. 
Although for the most part, the ecosystem services under the combined scenario were 
closer to those under the highest SLR scenario than those under the highest temperature 
scenario.
Other than the percent change for N removed via denitrification, which was mostly 
positive (percent change between the baseline and the highest SLR/temperature combined 
scenarios was 31,19 and -7 for Boxes 2, 7 and 8 respectively), the percent change for all 
the other parameters were negative: volume filtered (-25, -41 and -61), Chl-a removed (- 
55, -71, and -86), TSS removed (-10, -48, and -67), N buried in the sediment (-55, -71 
and -86), N assimilated in shell and N assimilated in tissue (-85, -9, and -100), P buried in 
the sediment (-55, -71, and -86), and P assimilated in shell and P assimilated in tissue (- 
83, -93, and -99) for Boxes 2, 7, and 8 respectively.
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The percent change between the baseline scenario and the highest combined scenario was 
between -7 and 31 for N denitrification, -61 and -25 for volume filtered, -86 and -55 for 
Chi-a removed, -67 and -10 for TSS removed, -86 and -55 for N burial, -100 and -85 for 
N assimilated in shell and tissue, -86 and -55 for P burial and -99 and -83 for P 
assimilated in shell and tissue. The combined SLR/temperature scenario had the largest 
positive impact on denitrification and the largest negative impacts on N and P assimilated 
in shell and tissue due to a reduction in scope for growth. N and P assimilated in shell and 
tissue were the variables most impacted by both the sea level rise and the temperature 
scenarios independently and thus they were also impacted the most by the combined 
scenario.
DISCUSSION for Objective 2
Table 14 outlines the ecosystem services associated with the three restoration 
components under consideration in this study, and the potential climate change impacts 
on each. The overall skill assessment indicates that the model is predicting reasonable 
concentrations of the various state variables. Given the full range of concentrations of 
these variables in Chesapeake Bay and its sub-estuaries, the fact that the input data to the 
model came from an interpolated average annual cycle over a 7 year period, and the 100 
year climate simulations undertaken in this investigation, it was acceptable, therefore, to 
have some mismatch between the model and the data.
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The aim of a reduced complexity model is to replicate and predict seasonal cycles, not 
specific values on specific sampling dates. Since the purpose of Objective 2 was to 
evaluate the relative changes in ecosystem services, not the absolute numbers, the skill 
assessment was acceptable. It was more important to be in the correct range and capture 
the correct seasonal patterns than to hit the observations exactly. It is also important to 
note that since the concentrations in the Lynnhaven are fairly low, a small difference 
between the observed and predicted could result in a large % error therefore the absolute 
error is a better estimate. The visual calibration plots are the best indication that the 
model is falling within two standard deviations of the average annual cycle. The overall 
skill assessment indicates that the model is predicting reasonable concentrations of the 
various state variables and is in the correct range for the Chesapeake Bay. Therefore the 
ecosystem model was considered calibrated for the purpose of forecasting climate change 
impacts and providing insight into potential interactions.
It is important to note that while the modeling predictions are dependent on the model 
formulation, the interesting findings are the outcomes based on multiple parameter 
interactions. Even if the model results are the direct outcome of a single formulation, the 
model still provides a way of scaling up from shorter term data (e.g. DEQ data and 
mechanistic functions) to an annual cycle predictions, and from individual monitoring 
stations up to the ecosystem scale. Despite its limitations, this model is useful for 
quantifying the ecosystem services in individual habitats (oyster reefs, SAY and
69
saltmarsh), assessing the ecosystem level impacts of the restoration and extrapolating 
how effective the restoration efforts will be given likely future changes.
Simulation 1: Proposed Restoration
The proposed restoration was not predicted to have a substantial effect on the water 
quality parameters because the scale of the restoration activities is quite small in 
comparison to the Box dimensions. The model operates in a series of relatively coarse 
spatial elements so it is not possible to detect small-scale variations in water quality when 
scaling up to the entire ecosystem. Even though the percent change in water quality 
conditions and biological rates between the pre- and post-restoration is not large, it 
represents the Box-wide average. The restoration activity could have a substantial 
localized effect where the restoration is occurring, but it is not detected using the Box 
model approach. The percent change in TSS is the largest compared to all the other 
parameters. The percent change in TSS is especially large in Boxes 2, 7, and 8 where the 
oyster restoration is taking place. The Eastern oyster is a filter feeder and thus able to 
remove particulate matter in the water column, including TSS.
Simulation 2: Sea Level Rise (SLR) Scenario
The S. alterniflora sub-model used in this analysis was not formulated to simulate sea 
level rise impacts on S. alterniflora which is why Objective 1 was necessary to fully 
understand the impacts of both SLR and temperature on S. alterniflora biomass. As an 
emergent plant, the S. alterniflora light function in the model uses incident PAR, not
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underwater PAR. Therefore, a change in water level will not have any effect, because the 
S. alterniflora model is not tied to depth of the water column. If the ecosystem model 
was combined with an upland model then the effects of SLR on marsh accretion, erosion 
and landward retreat could be simulated.
Berman and Berquist (2009) demonstrated that 85% of tidal marshes in the Lynnhaven 
are aligned with shoreline hardening which may impact marsh transgression and lead to 
marsh submergence by 2100. Craft et al. (2009) measured ecosystem services related to 
production (biomass) and nutrient cycling (nitrogen accumulation in soil and potential 
denitrification) in three salt marshes in Georgia and combined this data with predicted 
changes in tidal marsh habitats (as a result of a 52 cm increase in sea level) in order to 
understand how the delivery of ecosystem services would be affected during this present 
century. As a result of the predicted loss of tidal marsh habitat, the delivery of ecosystem 
services related to productivity and the retention and removal of N are expected to 
decline (Craft et al. 2009). Even though the S. alterniflora sub-model used in this analysis 
was not formulated to simulate sea level rise impacts, findings from Craft et al (2009) are 
applicable to other temperate areas where tidal marshes experience micro-tidal inundation 
and comparable rates of SLR.
Kemp et al. (2004) found that waves and tides alter the light climate by changing the 
water column height over which light is attenuated and by increasing TSS and associated 
light attenuation by resuspending bottom sediments. Since sea level rise is also expected
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to increase the water column height, it could be inferred that SLR may alter the light 
climate which could negatively affect SAV growth but to date, there has been little if any 
test on how various climate change scenarios (including SLR scenarios) may affect TSS 
in the Chesapeake Bay (Najjar et al. 2010). Orth (2010) found that Z. marina survival in 
the upriver section of the York River estuary of the Chesapeake Bay was limited 
primarily by seasonally high water column light attenuation caused by high turbidity.
It could be inferred that the light sensitivity of SAV may be exacerbated by climate 
change given the possibility of significant increases in sediment loading resulting from 
greater and more episodic precipitation (Najjar et al. 2010). The Lynnhaven ecosystem 
model predicted an increase in TSS concentrations under the higher SLR scenarios, not 
due to storms (which were not modeled) but due to decreased oyster filtration (Figure 
32). In general, estuarine suspended sediment concentrations are controlled by a variety 
of processes which are also sensitive to climate change but quantitative relationships that 
link climate change to changes in sediment fluxes are lacking so it is difficult to predict 
how SLR alone would impact the light climate.
Year-end Z. marina shoot and root biomass decreased across the SLR scenarios. 
Considering that Z. marina shoot production is computed as a function of the temperature 
dependent maximum rate which is limited by available light, the decrease in Z. marina 
shoot biomass in understandable. And since Z. marina root and rhizome biomass is equal 
to the net balance between gains through translocation and losses due to respiration and
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mortality, it is understandable that Z  marina root and rhizome biomass would likely 
decline if shoot production also declined.
The percent change for year-end Z. marina shoot biomass was greater than the percent 
change for Z  marina root biomass as a result of the shoot biomass being larger than the 
root biomass at the outset. Year-end R. maritima shoot and root biomass decreased 100% 
under the 0.49 m SLR scenario. Given the greater sensitivity of R. maritima to light 
limitation this model prediction is consistent with the literature. The decline in SAV 
biomass across the SLR scenarios was likely due to decreased light availability as a result 
of the deeper water column and increasing concentrations of TSS (Figure 32). The 
percent change (ranging from -9 to 21 across all the Boxes, with a mean of 7) between 
the baseline and the highest SLR scenarios, suggests that increasing TSS concentrations 
(at least in some Boxes) will result in less light for SAV. It is predicted that increased 
water depth could force SAV to migrate shoreward in order to maintain suitable light 
levels (Orth et al. 2006), but as shorelines in the Chesapeake Bay are hardened, landward 
transgression of SAV will likely be inhibited (Najjar et al. 2010).
Mean C. virginica weight decreased exponentially across the SLR scenarios, though the 
percent change between the baseline and the 2.29 m SLR scenarios was, on average, -55 
across the three Boxes. The percent change between the baseline and the 2.29 m SLR 
scenarios for net C. virginica growth was, on average, -151 across all three Boxes. Sea 
level rise had a negative impact on C. virginica weight, possibly because of the dilution
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effect of its food supply with SLR. At increasing water depths, the dilution effect predicts 
concentrations of Chi-a will decline under the SLR scenarios which consequently reduces 
the amount of ingestion by C. virginica (Figure 33). The ordinary differential equation 
for net production in the C. virginica model is equivalent to the difference between the 
assimilation rate and respiration rate. Because the assimilation rate is the product of 
ingestion and the assimilation efficiency and because ingestion is the product of the 
filtration rate and the ambient food concentration, it is logical to conclude that the C. 
virginica model would respond negatively to the reduced food concentrations.
It was predicted that SLR would significantly reduce overall ecosystems services 
provided by oysters. The model predictions under the SLR simulations supported this 
hypothesis. All the ecosystem services decreased across all the SLR scenarios because 
oyster net growth also decreased. And due to their less efficient filtration rate, oyster 
assimilation efficiency was also negatively impacted.
Simulation 3: Temperature Scenario
The elevated temperature scenarios had varying impacts on C. virginica, Z. marina, R. 
maritima, and S. alterniflora because each species has a different thermal threshold based 
on its physiology. The temperature scenarios also had varying impacts within each Box 
because each Box had a slightly different baseline temperature based on the interpolated 
average annual cycle of the DEQ water temperature data from 1999-2007. Figure 34 
illustrates the point at which the temperature scenarios exceeded the physiological
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threshold for C. virginica, Z. marina, and i?. maritima by Box. The warmest temperature 
scenario surpassed the C. virginica, Z. marina, and & maritima threshold in Boxes 4, 6, 
and 8 (Figure 34 d, f  and h).
Year-end S. alterniflora biomass decreased across the temperature scenarios. The 
metabolic rates of aquatic organisms increase as water temperatures rise; accordingly, the 
rate of water column respiration increased with warming temperatures (Figure 35). The S. 
alterniflora sub-model was formulated so that shoot production is computed as the 
function of a temperature dependent maximum rate (related to ambient, Tw) and limited 
by available light. Consequently, elevated temperature scenarios had a limiting effect on 
shoot production. The governing equation for S. alterniflora root and rhizome biomass 
establishes a balance between gains through translocation from the shoots to the roots and 
losses due to respiration, mortality and translocation to the shoots. The rates of shoot 
respiration, root/rhizome respiration and root/rhizome mortality are functions of 
temperature which increased under the elevated temperature scenarios.
Year-end Z  marina shoot and root biomass decreased across the temperature scenarios 
with a 100% loss between the baseline and the 5°C scenarios for both Boxes 2 and 7. 
Since Z. marina shoot production is computed as the function of a temperature dependent 
maximum rate, shoot biomass decreased after the optimum water temperature (Topt =
22.5) was exceeded. In addition, since translocation from the shoots to the roots is a set 
rate, and Z. marina root and rhizome respiration is a function with a temperature
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optimum, it is plausible that there would be more losses than gains resulting in a decrease 
in root biomass with warming temperatures. This finding is supported by Evans et al. 
(1986) and Moore et al. (1997) who found that as temperatures increased, Z. marina 
production decreased while respiration continued to increase. Although emerging 
research suggests that rising CO2 concentrations may increase R. maritima and Z. marina 
productivity thus making them more tolerant of extreme temperatures (Palacios and 
Zimmerman 2007; Arnold et al. 2012).
Predicted concentrations of TSS remained the same under the temperature scenarios 
(Figure 36). Moore and Jarvis (2008) suggested that estuarine turbidity can compound the 
negative effects of high water temperatures on long-term Z. marina survival. High 
temperatures, reduced light and low oxygen can limit Z. marina growth and survival 
(Moore and Jarvis 2008). Episodic oxygen reductions can exacerbate the effects of 
elevated temperatures (Borum et al. 2005) and cause additional stressors to the Z. marina 
population.
In this model application, simulated concentration of TSS increased with increasing SLR 
scenarios (Figure 32) but decreased with warming temperatures (Figure 36). On top of 
the physical light limitations imposed by climate change, the increase in water column 
temperature will also lead to increased light requirements by Z. marina (Moore et al. 
2013). The warming temperature scenarios had a positive effect on R. maritima biomass. 
R. maritima shoot and root biomass increased across the temperature scenarios.
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Oysters in the Chesapeake Bay feed actively and consume phytoplankton when water 
temperatures exceed 8°C with maximum feeding activity occurring when temperatures 
are between 20 and 28°C (Newell and Mann 2012). Since C. virginica filtration and 
respiration rates are weight-dependent functions, limited by temperature (among other 
things), it is understandable that the higher end of the temperature scenarios negatively 
impacted C. virginica growth. The temperature simulations indicated there is a 
temperature optimum at which C. virginica weight was maximized. The +2 °C 
temperature scenario appeared to be the inflection point, at least in Boxes 2 and 7. C. 
virginica weight may have declined across the temperature scenarios in Box 8 due to the 
baseline temperature in this Box being warmer at the outset. Predicted concentrations of 
water column Chl-a increased slightly with increasing temperatures (Figure 37), though 
Tracey et al. (1998) suggested that a change in phytoplankton bloom communities to 
smaller and less nutritious species may be one of the factors reducing bivalve growth and 
reproduction rates.
The Lynnhaven ecosystem model was used to test the hypothesis that climate warming 
would significantly reduce the overall ecosystem services provided by oysters, but the 
model predictions did not entirely support this theory. The ecosystem services associated 
with C. virginica restoration responded differently across the increasing temperature 
scenarios. The temperature simulations indicated that there is an optimum temperature, at 
least for Boxes 2 and 7. Box 8 was not impacted as much as the other Boxes by the
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warming temperature scenarios because the proposed restoration was small and the 
ecosystem services were fewer due to the warmer baseline temperatures in Box 8.
Simulation 4: Combined Highest Sea Level Rise Scenario and Warmest Temperature 
Scenario
For S. alterniflora biomass the simulation combining the highest sea level rise with the 
warmest temperature scenario was equivalent to the simulation under the warmest 
temperature scenario since the model did not simulate the effects of SLR on salt marshes. 
Sea level rise and temperature warming may have additive effects on S. alterniflora but 
the model was not formulated in a way to quantify this total impact.
Temperature warming may help SAV mitigate some of the negative impacts from SLR as 
evidenced by the model predictions of mean and year-end Z. marina shoot and root 
biomass as well as R. maritima shoot and root biomass under the combined scenarios 
were greater than in the highest SLR scenario on its own. The percent change between 
the baseline and the highest SLR/temperature combined scenarios for Z. marina shoot, Z. 
marina root, R. maritima shoot and R. maritima root biomass were all 100 for both Boxes 
2 and 7.
Overall Summary
S. alterniflora was predicted to replace P. australis with increasing SLR but S. 
alterniflora was predicted to completely die-off with a 5°C increase in temperature. Z.
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marina was predicted to completely die-off with a 5°C increase in temperature whereas 
R. maritima was expected to completely die-off with a 0.49 m rise in sea level. Under the 
combined SLR and temperature scenario, Z. marina and R. maritima were both expected 
to completely die-off. Individual C. virginica weight was predicted to decrease across the 
SLR scenarios along with the associated ecosystem services as well as net C. virginica 
growth was predicted to decrease with a 5°C increase in temperature along with the 
associated ecosystem services. The combined SLR and temperature scenario was 
predicted to negatively impact C. virginica weight and net growth with both positive and 
negative impacts to the associated ecosystem services.
Summary o f Impacts on S. alterniflora Marshes
The S. alterniflora sub-model was not formulated to accurately simulate the impact of sea 
level rise on salt marshes which is why Objective 1 was completed. Model predictions of 
S. alterniflora biomass decreased across the temperature scenarios with a complete die­
off observed under the 5°C scenario. Increasing temperature resulted in increased 
respiration thus reducing the plant’s overall scope for growth.
The combined highest SLR/temperature scenario was equivalent to the model simulation 
under the warmest temperature scenario which was to be expected. If the ecosystem 
model were combined with a more spatially explicit model, marsh accretion and 
transgression could eventually be simulated as well. Additionally, the S. alterniflora sub­
model could be built with connections to nutrients, oxygen, or TSS so that the acres
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restored marsh could influence the other state variables and in turn better predict impacts 
on ecosystem services.
Summary o f Impacts on Z. marina and R. maritima
Z. marina shoot and root biomass and R. maritima shoot and root biomass decreased 
across the SLR scenarios with complete die-off of R. maritima observed under the 0.49 m 
SLR scenario; indicating that R. maritima is more sensitive to light limitation than Z. 
marina (Orth and Moore 1988; Moore et al. 2013). In addition, Z. marina biomass 
decreased across the temperature scenarios with complete die-off observed under the 5°C 
scenario whereas R. maritima biomass increased under the temperature scenarios. The 
percent change for R. maritima shoot and R. maritima root biomass increased 
substantially under the warmest temperature scenario. The positive effects of warming on 
R. maritima may have been offset by the negative impacts from SLR. There was a 
complete die-off of Z. marina shoot and root biomass and R. maritima shoot and root 
biomass under the combined SLR/temperature scenario indicating that SAV is more 
sensitive to SLR than to temperature warming. The combination of stressors will likely 
have negative effects on Z. marina and R. maritima biomass in the polyhaline section of 
the Bay.
As seagrass continues to decline globally as a result of poor water quality and rising 
temperatures, restoration strategies should shift from conservation and restoration to 
mitigation of lost seagrass abundance (Waycott et al. 2009). It may be more strategic to
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plant R. maritima that is capable of withstanding changing climates (i.e. warming 
temperatures) than to try to restore Z. marina. Although where the two species co-occur 
along a depth gradient, R. maritima often occupies the shallows since its depth limit is 
shallower than that of Z. marina (Moore et al. 2013; Orth and Moore 1988). When the 
two species do coexist along a depth, R. maritima is unable to out-compete Z. marina 
because Z. marina will shade out R. maritima due to its larger size (Moore 2011).
Poor water quality conditions combined with warmer temperatures are causing large- 
scale Z. marina die-off events, several of which have occurred in the last decade in the 
Chesapeake Bay (Moore et al. 2013). Because the Chesapeake Bay is near the southern 
limit of Z. marina, increased prevalence of these events could result in eventual 
elimination of Z. marina and establishment of R. maritima in areas formerly occupied by 
Z. marina (Moore et al. 2012; Moore and Jarvis 2008). Although there is ongoing 
research as to whether these two species provide similar ecosystem services. There is no 
guarantee that if R. maritima persists on its own, in areas like the Lynnhaven, that it will 
provide similar ecosystem services (habitat for fauna, sequestering sediment) as 
demonstrated by the combination of the two species.
With Z. marina in the Chesapeake Bay growing near its southern limit, additional 
temperature stress along with light limitation may substantially limit restoration efforts 
and induce continued loss of area coverage and density. Climate change is adding thermal 
stress to the eelgrass population of the lower Chesapeake Bay, on top of the other
81
anthropogenic stressors such as nutrient enrichment, sediment loading and reduced water 
clarity (Deegan et al. 2002; Orth et al 2010). The anticipated increase in water 
temperature could directly impact eelgrass by stimulating an earlier die-back, increasing 
mortality and delaying fall re-growth. The combination of stressors, analyzed in this 
study, will likely have negative effects on Z. marina, possibly even eliminating it as a 
major SAV species in the polyhaline section of the Bay unless other stressors such as 
enhanced CO2 can mitigate these effects.
In this application, the R. maritima and Z. marina sub-models were not connected to the 
nutrient, oxygen or TSS state variables. Given that SAV has the ability to alter water 
quality parameters, future versions of the model will be formulated to include 
connections to nutrients, oxygen, and TSS so that the acres restored can influence the 
other state variables and in turn the ecosystem services.
Summary o f Impacts on C. virginica Reefs
Because the USACE proposed different sized projects in each of the three Boxes, the 
modeling outcomes provide a quantitative target for the scale of oyster restoration 
required to have a substantial/measurable impact on water quality and ecosystem 
services. The model can therefore be used to determine the minimum size of a project to 
get a measurable change in water quality. For example, the proposed size of the 
restoration activity in Box 8 may be too small to have a substantial impact on water 
quality at the sub watershed level (box wide) since the model predictions illustrated there
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were far fewer ecosystem services in Box 8 compared to Boxes 2 and 7. Across all the 
boxes, however, the model predictions revealed that sea level rise, temperature warming 
and the combination of the two had a negative effect on C. virginica sustainability.
C. virginica weight decreased across the SLR scenarios, most likely due to a dilution of 
their food supply associated with increasing water depths. Consequently, all the 
ecosystem services decreased across the range of SLR scenarios with N and P assimilated 
in shell and tissue being most negatively impacted. There is consensus in the literature 
that increased temperatures results in lower clearance rates and reduced overall scope for 
growth in oysters (Kennedy et al. 1996; Newell and Mann 2012). The model predictions 
were expected since we know temperature controls population abundance and with 
increased temperatures we expect to see altered metabolic rates and species compositions 
(Kennedy et al. 1996). The temperature simulations indicated the presence of a 
temperature optimum for C. virginica weight, at least in Boxes 2 and 7. Net C. virginica 
growth decreased between the baseline and the 5°C temperature scenarios with an 
interesting temperature optimum in a few of the boxes. The cumulative ecosystem 
services exhibited the same temperature optimum and were clearly negatively impacted 
by the highest temperature scenario. And again, N and P assimilated in shell and tissue 
were the variables most negatively impacted by temperature due to a negative scope for 
growth.
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The combined SLR/temperature scenario negatively impacted C. virginica weight and its 
net growth more so than in the highest SLR scenario alone. In many of the boxes, the 
impacts to ecosystem services under the combined scenario were similar to the highest 
SLR scenario. The combined SLR/temperature scenario had the largest positive impact 
on denitrification and the largest negative impact on N and P shell and tissue 
assimilation. Increasing temperatures may elevate C. virginica respiration rates, thus 
reducing its overall scope for growth and increasing its chance of mortality. The model 
denitrifies N from the sediment organic pool using a temperature-dependent function so it 
was predicted that the combined SLR/temperature scenario would have a positive impact 
on denitrification, as was observed.
CONCLUSION
Quantitative assessments of restoration’s long-term ability to provide valuable ecosystem 
services in light of climate change are critical to informing restoration decision-making 
related protection of estuarine habitats (Cloem 2001). Over the last few decades there 
has seen a rapid expansion in the use of models which have become the cornerstone of 
ecosystem restoration planning (Brush and Harris 2010). The use of these models to 
study estuarine ecosystems response to climate change, particularly in combination with 
ecosystem restoration, is just beginning to address this knowledge gap (Justic et al., 2005; 
Neumann, 2010; Brito et al., 2012; Carr et al., 2012).
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This project aimed to provide an ecosystem-wide framework for incorporating local data 
and knowledge with climate change research and predictions. The user-defined modeling 
tool used can be incorporated into an adaptive management process and run iteratively 
over time. The benefit of this reduced complexity modeling approach is that the model 
can be hosted online for direct use by stakeholders including the US ACE, local and state 
managers, local community groups and educators. Recent work has confirmed the utility 
of Box model approaches (Menesguen et al. 2007; Testa and Kemp 2008a; Kremer et al. 
2010), and their fast run times (minutes on personal computers), make it possible to do 
the multiple runs required for adequate calibration, sensitivity analysis and forecasting 
scenarios. The online modeling tool is live, meaning it can be run whenever future 
management decisions have to be made, which is key to successful adaptive 
management. Models can estimate restoration benefits, enhancement or degradation of 
ecosystem services and the length of time for species survival under various climate 
change predictions.
Future Research
This investigation revealed where adjustments will have to be made to improve the 
performance of the models. For example, improved shallow water bathymetry, spatially 
explicit tidal ranges, and site specific marsh accretion rates would be useful. Coastal 
bathymetry, geomorphology, fetch, and climate all affect the biophysical performance of 
green infrastructure, but a high resolution current dataset along the coast is lacking. In 
addition, this project identified future research needs such as making the ecosystem
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model more spatially resolved or incorporating data collected from current meters in 
order to improve the calibration. Fully understanding the interactive effects of climate 
change will require additional studies focused on both individual stressors to a given 
ecosystem as well as multiple factors acting in combination. Finally, the model could be 
improved with more realistic estimates of physiological thresholds for species survival 
many of which are not entirely understood.
This investigation helped to identify existing knowledge gaps which impede the 
recognition, quantification, and valuation of ecosystem services in coastal areas, with a 
focus on enhancing resilience to climate change. Poor habitat stresses organisms and 
reduces biomass production, which in turn may reduce the ability of ecosystems to 
provide climate resilience services (Massel et al., 1999), but natural habitat evolution and 
fluctuations, however, can lead to improvements for some species yet degradation for 
others. Accurate assessment and forecasting of these and other dynamic ecosystem 
features requires coupled ecosystem-hydrodynamic models. Future work will need to 
address these knowledge gaps in order to better facilitate the integration of ecosystem 
services assessments with coastal climate-resilience planning and response.
Robust evaluation, monitoring and performance assessment should be required of all 
ecosystem restoration plans in order to optimize future ecosystem services. Integrating 
ecosystem services into restoration decision-making requires valuation, quantification,
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and risk assessments. Such valuation may involve development of new metrics designed 
to measure the changes in ecosystem services in response to climate change.
Under an Executive Order 13653, President Obama directed Federal agencies to evaluate 
climate-related risks to natural infrastructure (Executive Order 13653 2013). Some efforts 
are underway to develop performance metrics for ecosystem services such as the 
Department of the Interior’s work to evaluate the performance of its Hurricane Sandy 
recovery projects, the U.S. Army Corps of Engineers technical report on Nature and 
Nature-based Infrastructure and the existing metrics used to evaluated progress toward 
ecosystem goals for various national large-scale ecosystem restoration efforts (U.S. Army 
Corps of Engineers 2015). The scientific understanding of ecosystem valuation has not 
yet been developed sufficiently to support policy changes. This investigation found that it 
will be necessary to monitor and evaluate the effectiveness of restoration strategies and to 
use this information to adaptively manage ecosystem restoration projects.
These findings will help to identify whether the US ACE restoration activities will in fact 
achieve their intended outcomes within the lifespan of the project. The findings from both 
Objectives 1 and 2 suggest that warming temperatures and sea level rise could threaten 
the long-term sustainability of the restoration activities and degrade the associated 
ecosystem services, though a complete understanding of how all the climate change 
drivers and development pressures will interact is still lacking. While restoration is 
important, it is imperative to consider the impacts of climate change or else restoration
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will not have its intended effect. In light of climate change and development pressures, it 
might be necessary for the US ACE to re-evaluate their restoration goals, especially given 
the decreasing budgets. A more appropriate use of resources might be to plan for a new 
sustainable state rather than to try and restore a system to its original state.
In the coming years, it will be important that the US ACE makes adjustments to their 
methods in order to account for the combined effects of sea level rise and temperature 
which may interact to have compounding impacts on marsh, SAV and oyster physiology. 
There is a need to incorporate these results to help prioritize future restoration and 
planning efforts in the Lynnhaven and elsewhere. Quantitative forecasts, together with 
risk analyses identifying the most vulnerable areas, can inform management strategies 
and help to determine the most cost-effective allocation of resources for ecosystem 
restoration (Orth et al 2006).
The US ACE and other entities need to take climate change into account in order to make 
smart decisions for the future and not waste resources. Climate-informed decision­
making should make restoration more robust to climatic stressors, and improves 
ecosystem function, simultaneously increasing ecosystem services. In light of climate 
change, it might be necessary for the US ACE to re-evaluate the intended outcomes of 
their restoration plan or re-prioritize the site selection to areas where sea level rise is 
lower due to subsidence.
88
Given the negative outlook for the long-term success of the US ACE’s restoration plan, as 
outlined in this paper, the City of Virginia Beach should consider taking the following 
actions: restricting development in the adjacent watershed, incorporating more living 
shorelines in place of armoring, reducing nutrients and sediments from both nonpoint and 
point sources in surrounding watersheds, and implementing a sanctuary or marine 
protected area in the Lynnhaven River. The preservation of coastal habitats and their 
associated ecosystem services must be made a priority because there will be multiple 
benefits for the entire ecosystem and surrounding community.
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Figure 1. Map o f  the Lynnhaven River estuary and the Chesapeake Bay (insert), including box model 
boundaries, corresponding watersheds, and DEQ monitoring stations (red circles).
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Figure 2. Bathymetric map o f the Lynnhaven River estuary. Shading indicates depth (m) relative to MHW 
(Taylor et al. 2008).
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Watershed & Atmospheric Loading from CBP Phase V Model
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Figure 5. A reduced complexity ecosystem model adapted from Brush and Nixon (in review). All terms are 
defined in the text.
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Watershed & Atmospheric Loading from CBP Phase V Model
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Figure 6. Modified ecosystem model to incorporate sub-models for Z. marina , R. maritima, C. virginica, 
and S. alterniflora.
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to sink box; e.g., [B ,l] = inflow across the inlet from the Bay (B) to Box 1.
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Figure 8. Comparison o f  (a) annual average and (b) daily outflow exchanges from the SCHISM (SCH) 
model and tidal prism calculations from the ecosystem model (VtpEx). Values in (a) are presented as the 
exchange across the downstream boundary o f each box. Values in (b) are presented as outflows to the sink 
box from the source box; e.g., [B, 1] =  outflow across the inlet from Box 1 to the Bay (B).
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Figure 9. Mean monthly loads ±  2 standard deviations for the Lynnhaven River estuary from 1999 to 2005 
computed with the CBP Phase V Watershed Model, (a) Freshwater, (b) DIN, (c) DIP, and (d) TSS.
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Figure 10. S. alterniflora  shoot biomass measurements from Ware Creek Marsh, Carter Creek Marsh, and 
Wachapreague Marsh (Mendelssohn 1973).
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Figure 11 (a-d). Measured (red points, Moore) and modeled (blue lines) KD for Boxes 1 - 4 .
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Figure 11 (e-h). Measured (red points, Moore) and modeled (blue lines) KDfor Boxes 5 - 8 .
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Figure 12 (a-d). Mean annual cycle (blue lines, DEQ) ±  2 standard deviations and modeled (red lines) water 
column Chl-tf for Boxes 1 -  4. Annual cycles from Boxes 1 -  3 were developed from 2002 data only, so 
standard deviations among years could not be computed.
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Figure 12 (e-h). Mean annual cycle (blue line, DEQ) ± 2 standard deviations and modeled (red lines) water 
column Chl-tf for Boxes 5 - 8 .  Annual cycles from Boxes 5, 6, and 8 were developed from 2002 data only, 
so standard deviations among years could not be computed.
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Figure 13 (a-d). M easured (red points, Brush and Anderson) and m odeled (blue and green lines for the 0 -
0.5 and 0 .5 - lm  depth layer, respectively) B M A  C h\-a  in the top 3 mm o f  sedim ent for B oxes 1, 3, 5, and 7.
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Figure 14 (a-d). M easured (blue lines, DEQ ) and m odeled (red lines) DO for B oxes 1 -  4.
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Figure 14 (e-h). Measured (blue lines, D EQ ) and m odeled (red lines) DO for B oxes 5 - 8 .
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Figure 15 (a- d). M easured (blue lines, D EQ ) and m odeled (red lines) TSS for B oxes 1 -  4.
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Figure 15 (e-h). M easured (blue lines, DEQ ) and m odeled (red lines) TSS for B oxes 5 - 8 .
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Figure 16 (e-h). M easured (blue lines, D EQ ) and m odeled (red lines) DIN for B oxes 5 - 8 .
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Figure 17 (a-d). M easured (colored points, D EQ ) and m odeled (blue lines) DIP for B oxes 1 -  4.
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Figure 17 (e-h). M easured (colored points, D EQ ) and m odeled (blue lines) DIP for B oxes 5 - 8 .
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Figure 18 (a-d). Measured GPP and NCP (green and purple points respectively, Brush) and modeled 
daytime phytoplankton net primary production (Phyto NPP) (blue lines) for Boxes 1 -  4. The 
measurements should bracket modeled NPP.
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Figure 18 (e-h). Measured GPP and NCP (green and purple points respectively, Brush) and modeled 
daytime net primary production (Phyto NPP) (blue lines) for Boxes 5 - 8 .  The measurements should 
bracket modeled NPP.
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Figure 19 (a-d). M easured (red points, Brush) and m odeled B M A  GPP (blue lines) for B oxes 1 -  4.
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Figure 19 (e-h). M easured (red points, Brush) and m odeled B M A  GPP (blue lines) for B oxes 5 - 8 .
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Figure 20 (a-d). M easured (red points, Brush) and m odeled (blue lines) water colum n respiration (Wtrcl R)
for B oxes 1 -  4.
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Figure 20 (e-h). Measured (red points, Brush) and m odeled (blue lines) water colum n respiration (Wtrcl R)
for B oxes 5 - 8 .
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Figure 21 (a-d). M easured (red points, Brush) and m odeled (blue lines) sedim ent respiration (R) rates for
B oxes 1 -  4.
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Figure 21 (e-h). M easured (red points, Brush) and m odeled (blue lines) sedim ent respiration (R) rates for
B oxes 5 - 8 .
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Figure 22 (a-b). Measured (colored points and lines) and modeled (black points) denitrification rates for 
Boxes 1-2. Synthesis o f  literature data and figure template provided by S. Lake. Mean estuary and coastal 
ecosystem rates are from Pina-Ochoa & Alvarez-Cobelas (2006) and all Patuxent River rates are from 
Boynton et al. (2008).
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Figure 22 (c-d). Measured (colored points and lines) and modeled (black points) denitrification rates for 
Boxes 3-4. Synthesis o f  literature data and figure template provided by S. Lake. Mean estuary and coastal 
ecosystem rates are from Pina-Ochoa & Alvarez-Cobelas (2006) and all Patuxent River rates are from 
Boynton et al. (2008).
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Figure 22 (e-f). Measured (colored points and lines) and modeled (black points) denitrification rates for 
Boxes 5-6. Synthesis o f  literature data and figure template provided by S. Lake. Mean estuary and coastal 
ecosystem  rates are from Pina-Ochoa & Alvarez-Cobelas (2006) and all Patuxent River rates are from 
Boynton et al. (2008).
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Figure 22 (g-h). Measured (colored points and lines) and modeled (black points) denitrification rates for 
Boxes 7-8. Synthesis o f  literature data and figure template provided by S. Lake. Mean estuary and coastal 
ecosystem rates are from Pina-Ochoa & Alvarez-Cobelas (2006) and all Patuxent River rates are from 
Boynton et al. (2008).
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Figure 23. S. a ltern iflora  live biom ass under SLR and temperature scenarios respectively: (a, b) annual
m ean biom ass, (c, d) peak biom ass, (e, f) year-end biom ass.
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Figure 24. S. a ltern iflora  dead biom ass under SLR and temperature scenarios respectively: (a, b) annual
mean biom ass, (c, d) peak biom ass, (e, f) year-end biom ass.
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Figure 25. S. a ltern iflora  root biom ass under SLR and temperature scenarios respectively: (a, b) annual
m ean biom ass, (c, d) peak biom ass, (e, f) year-end biom ass.
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Figure 26. Z. m arina  shoot biom ass under SLR and temperature scenarios respectively: (a, b) annual mean
biom ass, (c, d) peak biom ass, (e, f) year-end biom ass.
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Figure 27. Z. m arina  root biom ass under SLR and temperature scenarios respectively: (a, b) annual mean
biom ass, (c, d) peak biom ass, (e, f) year-end biom ass.
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Figure 28. R. m aritim a  shoot biom ass under SLR and temperature scenarios respectively: (a, b) annual
mean biom ass, (c, d) peak biom ass, (e, f) year-end biom ass.
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Figure 29. R. m aritim a  root biom ass under SLR and temperature scenarios respectively: (a, b) annual mean
biom ass, (c, d) peak biom ass, (e, f) year-end biom ass.
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Figure 30 (a-d). C. virginica  individual weight and growth under SLR scenarios: (a) mean individual 
weight, (b) peak individual weight, (c) net growth, (d) total growth.
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Figure 30 (e-h). C. virginica  individual weight and growth under temperature scenarios: (e) mean 
individual weight, (f) peak individual weight, (g) net growth, (h) total growth.
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Figure 31. Cumulative annual ecosystem services associated with C. virginica  restoration under SLR and 
temperature scenarios respectively for: (a, b) volume filtered, (c, d) Chl-a removed, (e, f) TSS 
removed, (g, h) P burial, (i, j) P assimilated in shell, and (k, 1) P assimilated in tissue, (m, n) N 
burial, (o, p) N assimilated in shell, (q, r) N assimilated in tissue, (s, t) N removed via 
denitrification.
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Figure 31 (a, b) volume filtered, (c, d) Chl-a removed, (e, f) TSS removed
135
(g)
Annual P Burial un d er
SLR Scenarios
10,000
8,000
6,000
4,000
2,000
0
2.0 2.50.0 0.5 1.0 1.5
-Box 2 
-Box 7 
-Box 8
(0
Sea Level Rise Scenarios (m)
Annual P Assimilated in Shell u n d e r  
SLR Scenarios
3.500
3.000
2.500
2.000
1.500 
1,000
500 
0 •
■Box 2 
■Box 7 
■Box 8
0.0 0.5 1.0 1.5 2.0
Sea Level Rise Scenarios (m)
2.5
(k)
Final P Assimilated in Tissue u n d e r  SLR 
Scenarios
100,000
80,000
60,000
a .
oo 40,000
20,000
0
■Box 2 
•Box 7 
■Box 8
0.0 0.5 1.0 1.5 2.0 2.5
Sea Level Rise Scenarios (m)
(h)
Annual P Burial un d er
Temp Scenarios
12.000
10.000
8,000
6,000
4,000
2.000
■Box 2
■Box 7
■Box 8
(j)
1 2  3 4
Temperature Scenarios (°C)
Annual P Assimilated in Shell u n d e r  
Temp Scenarios
3,500
3,000
2,500
2,000
5, 1-500
1,000
■Box 2 
■Box 7 
■ Box 8
(I)
1 2  3 4
Temperature Scenarios (°C)
Final P Assimilated in Tissue u nder  
Temp Scenarios
120,000
100,000
80,000
60,000
40.000
20.000 
0
■Box 2 
•Box 7 
■Box 8
1 2  3 4
Temperature Scenarios (°C)
Figure 31 (g, h) P burial, (i, j) P assimilated in shell, and (k, 1) P assimilated in tissue.
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Figure 31 (m, n) N burial, (o, p) N assimilated in shell, (q, r) N assimilated in tissue.
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Figure 32. Predicted concentrations o f  TSS under SLR scenarios.
139
uao
E
30
25
20
15
10
5
0
0.00 0.49 0.99 1.69 2.29
•Box 1 
■Box 2 
■Box 3 
■Box 4  
■Box 5 
■Box 6 
Box 7 
Box 8
Sea Level Rise Scenarios (m)
Figure 33. Predicted concentrations o f  Chi-a  under SLR scenarios.
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Figure 34 (a-h). Temperature scenarios and species threshold by box. Temperature optimum (Topt) for C. 
virginica  is 32°C (Kennedy et al. 1996), Z. marina 22.5 °C (Cerco & Moore 2001) and R. maritima 
30 °C (Cerco & Moore 2001).
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Figure 35. Predicted water column respiration rates under warming temperature scenarios.
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Figure 36. Predicted concentrations o f  TSS under warming temperature scenarios.
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Figure 37. Predicted concentrations o f  Chl-a under warming temperature scenarios.
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TABLES
Table 1. Climate projections for the Mid-Atlantic Region (Najjar et al. 2010).
Param eter Past 50-100 vrs 2050 2100 Notes
Sea L evel (m )
0.33 + 0 .4  to +0.7
+0.7  t o +1.6
Adjusted for local subsidence  
2m m  yr’1
Rate o f  Sea Level Rise 
(m m  yr'1) i 3.5 to +4.44 + 5 (B oon  et al. 2012)
G lobal-m ean S S H 1 + 1 .8  mm  
v'1 front 1950-2000
Tidal range (% ) m inim al + 15-20 i f  SLR + lm For Upper C hesapeake Bay
Temperature (°C) 1 1.2 +2 to  +5
Increased heat w aves by m ore  
than 2 S D 2 b v 2 1 0 0
Precipitation (%) 10 - l t o + 8 +7 to  + 24
Variable; increase in fall, 
decrease in sum m er
Short-term drought (%) m inim al 55 Greater evapotranspiration
pH -0.1 m inim al -0 .1 4  to -0.35 D ecrease in carbonate
Salinity
+0 .8  (h a lf due to  
+0.2m  SLR)
Variable precipitation  
changes m akes salinity  
predictions uncertain +1.4  to  +3.2  with +SLR
For C hesapeake Bay  
m ainstem . Strongly tied  to  
stream flow  and SLR
'SS H - sea surface height 
JSD= standard deviation
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Table 2. M eta-analysis o f  marsh accretion rate.
Subcategory n Mean Accretion(mm y '1)
All marshes in the Mid-Atlantic exluding 
Wachapreague, Mockhom and Blackwater 38 4.78
All marshes in the Mid-Atlantic 42 4.94
Low marshes in Mid-Atlantic exluding 
Wachapreague, Mockhom and Blackwater 15 5.04
Low marshes in the Mid-Atlantic 17 5.7
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Table 3. Predicted duration o f  marsh survival for Boxes 4 and 8 (where the restoration w ill be taking place) 
in the Lynnhaven.
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Table 4. System -w ide predicted duration o f  marsh survival in the Lynnhaven.
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Table 5. Dimensions o f  the model spatial elements.
N am e Box W atershed a rea jm 2 W ater a r e a m 2 Depth D E M ^ m M odel Vol
Lower Inlet 1 453,557 2,106,847 1.20 2,528,216
Tipper Inlet 2 518,518 2,423,416 1.05 2,544,587
Lower Western 3 370.789 1,614,899 1.19 1.921,730
Tipper Western 4 2.076,856 1.915,504 0.75 1,436,628
Lower Eastern 5 616.453 2,651,088 1.21 3,207,816
Upper Eastern 6 4,529,610 1,763,545 0.48 846,502
Broad 7 1.189,169 3,384,074 2.31 7,817,210
Linkhom 8 1,581,998 3,652,779 2.33 8,510,975
Total 11,336,950 19,512.152
1DEM=Digital Elevation Model. Depths referenced to MHW.
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Table 6. Tidal ranges (m ean high to mean low  w ater) forced into the Lynnhaven m odel.
B o x Tidal R ange (m ) Source
1 0.61 SC H ISM  m od el (Zhang and B aptista 2 0 0 8 )
2 0 .7 0 SC H ISM  m od el (Zhang and Baptista 2 0 0 8 )
3 0 .7 0 SC H ISM  m od el (Zhang and Baptista 2 0 0 8 )
4 0 .6 4 SC H ISM  m od el (Zhang and B aptista 2 0 0 8 )
5 0 .7 2 SC H ISM  m od el (Z hang and B aptista 2 0 0 8 )
6 0 .5 9 SC H ISM  m od el (Zhang and Baptista 2 0 0 8 )
7 0 .7 8 C hesapeake B ay  B ridge Tunnel, V A  - Station ID: 8638863  
(N O A A  T ides and Currents)
8 0 .7 8 (C hesapeake B ay  B ridge Tunnel, V A  - Station ID: 
8 6 3 8 8 6 3  (N O A A  T ides and Currents)
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Table 7. Initial values for state variables and b ox-sp ecific  parameters o f  the TSS sub-m odel.
Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
DIN (nm olL1) 7 8.5 8 0.01 6 0.01 9 1
02  (g m’3) 1 30 40 20 20 1 20 2
DIP (gmol L '1) 0.6458 1 1.3 0.4 1.4 1.4 0.15 0.2
T SSIgm '3) 5 12 12 6 12 0.1 12 0.01
PHY Chla (mg m'3) 5 10 10 15 4 1 10 4
BMA Chi a (mg m'2) 25 25 25 25 25 25 25 25
TSS sinking rate (cT1) 0.25 0.01 0.01 0.01 0.01 0.2 0.01 0.9
TSS resuspension 
(g nT2 d '1) 0 20 20 5 4 0 2 0
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Table 8. Initial b iom ass and parameters o f  the sub-m odels
Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
C. virginica 
p-value 0 0.231 0 0 0 0 0.099 0.0438
C. virginica 
initial weight 
(gDW oyster'1) 0 1.040797 0 0 0 0 0.51309 0.472846
Z. marina 
initial shoot 
biomass 
(gc m-2) 10 10 10 10 10 10 10 10
Z. marina 
initial
root/rhizome 
biomass 
(gc m-2) 10 10 10 10 10 10 10 10
R. maritima 
initial shoot 
biomass 
(gCm-2) 3 3 3 3 3 3 3 3
R. maritima 
initial
root/rhizome 
biomass 
(gC m'2) 2 2 2 2 2 2 2 2
S. alterniflora 
initial live 
shoot biomass
(gc m-2) 40 40 40 40 40 40 40 40
S. alterniflora 
initial
root/rhizome
biomass
(gCm '2) 600 600 600 600 600 600 600 600
S. alterniflora 
root respiration 
intercept (d'1) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.00105
S. alterniflora 
root mortality 
intercept ( d 1) 0.0044 0.00295 0.00185 0.00067 0.0027 0.0005 0.00135 0
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Table 9. Data sources used in develop ing and calibrating the m odel.
S o u r ce T im e  P er io d O b ser v a tio n
U n it
M o d e l U n it
W ater colum n  
ch loroph yll a
D E Q D E Q  C h i-a  data w ere availab le  
from  5 /2 7 /9 9 -1 2 /3 1 /0 2  for station  
B B Y 0 0 2 .8 8 , and 8 /2 0 /0 1 -1 2 /1 8 /0 6  
for station W E S 002 .58 ; average  
annual c y c le s  w ere d evelop ed  for  
these stations. For all other stations, 
the average annual cy c le  on ly  
represents data from  2 002
T - 1
P g L m g nT3
D isso lv ed  inorganic  
nitrogen
( N H 4 + N 0 2 + N 0 3 )
D E Q D IN  represents the sum  o f  the 
interpolated tim e series from  
2 /2 /9 9 - 6 /1 7 /0 3  and 8 /1 9 /0 5 -  
1 2 /18 /06  for N H 4, N 0 2 ,  and N 0 3 .  
I f  any o f  the n itrogen sp ec ies w ere  
m issin g  for a particular date, D IN  
w as not calcu lated . V a lu es w ere  
con verted  to umol/1
T “ 1m g L pm ol L '1
D isso lv ed  O xygen  
(D O )
D EQ A verage annual cy c le s  d evelop ed  
u sin g  data from  2 /2 /9 9  to 12 /18 /06
m g L '1 g m '3
D isso lv ed  inorganic 
phosphorus (D IP)
D E Q W ith the excep tion  o f  B B Y 0 0 2 .8 8  
there are sporadic data from  
2 /2 4 /0 3 -1 2 /1 8 /0 6  so  the raw data 
p oints w ere used  instead o f  
d evelop in g  an average annual cy c le
m g L '1 p m ol L '1
T otal Suspended  S olid  
(T S S)
D EQ A verage annual cy c le s  d evelop ed  
u sing  data from  2 /2 /9 9  to 12 /18 /06
m g L 1 g m '3
Turbidity D EQ A verage annual cy c le s  d evelop ed  
u sing  data from  2 /2 4 /0 3 - to 
12 /18 /06
N T U N T U
Salin ity D E Q A verage annual cy c le s  d evelop ed  
u sing  data from  2 /2 /9 9 - to 12 /18 /06
ppt ppt
Tem perature D EQ A verage annual c y c le s  d evelop ed  
u sing  data from  2 /2 /9 9 - to 12 /18 /06
°C °C
P hotosyn th etica lly  
active radiation (PA R )
F isher et 
al. 2003
1 /1 /9 9 - 1 2 /3 1 /0 6 E m"2 d"1 E m ‘2 d 1
kD and N T U  data used  
to d evelop  the kD 
regression
M o o re1 M on th ly  data cruises from  3 /15 /05  
-  11 /30 /06
m m -1
PH Y T O  net primary  
production
Brush  
unpublis 
hed data
10 m easurem ents o f  both GPP and 
N C P  (7 /1 1 /0 5 ,8 /7 /0 5 ,
10 /4 /05 , 11 /15 /05 , 2 /8 /0 6 , 3 /2 8 /0 6 , 
4 /2 9 /0 6 , 6 /5 /0 6 , 7 /1 /0 6 ,
7 /3 1 /0 6 ) in 6 b oxes
g 0 2/m 2/d g 0 2/m 2/d  
and gC /m 2/d  
com puted  
area
w eigh ted  
sum  o f  
production
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B M A  gross prim ary 
production
Brush & 
A nderso  
n 1
4 m easurem ents (4 /5 /0 5 , 7 /2 7 /0 5 , 
1 0 /3 1 /0 5 ,5 /2 2 /0 6 )  in 4 b oxes
g 0 2/m 2/d g 0 2/m 2/d  
and gC /m 2/d  
com puted  
area
w eigh ted  
sum  o f  
production
B M A  ch loroph yll-a Brush &
A nderso
1n
5 m easurem ents (3 /1 1 /0 5 , 4 /5 /0 5 ,  
7 /2 7 /0 5 , 10 /31 /05 , 5 /2 2 /0 6 ) in 4  
b oxes
m g m -2 , top 3 
m m  o f  
sed im ent
m g m -2 , top 
3 m m  o f  
sed im en t
W ater colum n  
respiration
Brush  
unpublis 
hed data
10 m easurem ents (7 /1 1 /0 5 ,8 /7 /0 5 , 
10 /4 /05 , 11 /15 /05 , 2 /8 /0 6 , 3 /2 8 /0 6 , 
4 /2 9 /0 6 , 6 /5 /0 6 , 7 /1 /0 6 ,
7 /3 1 /0 6 ) in 6 b oxes
g 0 2/m 2/d gO ?/m 2/d  
and gC /m 2/d  
com puted
S ed im ent respiration Brush &
A nderso
in
4  m easurem ents (4 /5 /0 5 , 7 /2 7 /0 5 , 
1 0 /31 /05 , 5 /2 2 /0 6 ) in 4  b oxes
g 0 2/m 2/d g 0 2/m 2/d  
and gC /m 2/d  
com puted
Reported in Sisson et al. 2010
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Table 10. Summary statistics for raw observed (Obs) data, interpolated data, and model output, and skill
assessment metrics for all parameters where measured concentrations or rates were available. Error 
metrics include daily and annual mean absolute error, daily and annual mean percent error, daily 
root mean squared error (RMSE), and W ilcoxon Signed Rank Tests between model predictions and 
observations. All error metrics and Wilcoxon tests were computed using the model without the 
proposed restoration. The units for each parameter are listed in the top left comer o f  each table. All 
abbreviated terms are defined in the text; SD = standard deviation, SE = standard error. *p<0.0001, 
**P<0.01, and ***P<0.05
10a. Skill assessment for water column Chl-a.
C h la  (m g Chla m ’3) M etric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
O bs n 31 .00 31 .00 30 .0 0 4 0 .0 0 3 1 .0 0 3 1 .0 0 4 5 .0 0 3 1 .0 0
O bs M ean 6.96 7 .99 8.58 14 .20 8.14 13.50 8.98 11.58
O bs M edian 6 .1 4 7 .38 7.08 8.95 7.78 12.08 7.24 10.71
O bs SD 3 .58 3 .55 4.99 11.21 3.99 7 .70 5.66 6 .58
O bs SE 0 .64 0 .64 0.91 1.77 0.72 1.38 0.84 1.18
W ilcoxon  Test (Z  score) obs 
vs. m odel -2 .59** 4.05* 5.12* 1.06 1.84 -2 .90** 2.22*** -3 .25**
Interpolated O bs n 365 .00 3 65 .00 3 6 5 .0 0 36 5 .0 0 36 5 .0 0 36 5 .0 0 3 65 .00 36 5 .0 0
Interpolated O bs M ean 5.22 6 .80 6.65 14.29 8.52 12.59 9 .14 11.83
Interpolated O bs M edian 4 .75 6 .6 7 6.39 13.90 8.85 12.78 8.11 11.17
Interpolated O bs SD 2.01 2 .8 4 2.92 3 .96 3.91 7 .16 3 .07 6.68
Interpolated O bs SE 0.11 0 .15 0.15 0.21 0.20 0 .37 0.16 0.35
W ilcoxon  Test (Z score) interp 
vs. m odel 12.69* -6 .54* -10 .95* -6 .00* -5 .8* 8 .16* -8.14* 8.42*
M odel n 36 5 .0 0 3 65 .00 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0
Annual M ean o f  M odel 5 .27 3 .5 6 4.40 13.79 6.08 2 5 .1 4 7.89 16.50
M odel M edian 6.83 3 .92 3.05 8.95 5.36 15.30 5.48 15.32
M odel S D 2.61 2.71 3.93 13.40 5 .44 24 .03 3.98 8.00
M odel SE 0 .1 4 0 .1 4 0.21 0 .70 0.28 1.26 0.21 0.42
D aily  m ean absolute error 0 .6 4 3 .23 2.63 10.31 3.53 14.60 2.56 4.78
D ailv  m ean %  error 12.54 52.66 4 7 .0 4 7 4 .7 7 46 .63 9 0 .4 7 28 .92 58.55
D aily  R M SE 0.76 3.51 3.05 12.28 4 .27 2 2 .4 6 2.90 6.25
Annual m ean absolute error 0.05 3 .23 2.25 0 .50 2 .44 12.54 1.25 4.67
Annual m ean %  error 0 .90 47 .56 3 3 .8 7 3.50 2 8 .6 9 99.61 13.66 39 .5 0
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Table 10b. Skill assessm ent for TSS.
TSS (gTSS m 3) Metric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
Obs n 46.00 46.00 46.00 46.00 46.00 46.00 50.00 46.00
Obs Mean 13.02 15.41 17.54 27.81 15.65 27.41 11.89 8.81
Obs Median 10.50 12.83 12.00 24.90 12.00 26.50 10.00 7.88
Obs SD 8.54 9.57 13.39 17.56 11.22 18.00 8.35 5.24
Obs SE 1.26 1.41 1.97 2.59 1.65 2.66 1.18 0.77
W ilcoxon Test (Z score) obs 
vs. model -6.26* 0.18 0.19 -1.10 -3.11** -6.86* 0.72 -8.73*
Interpolated Obs n 365.00 365.00 365.00 365.00 365.00 365.00 365.00 365.00
Interpolated Obs Mean 12.80 15.27 17.48 27.61 15.55 30.00 11.30 8.85
Interpolated Obs Median 11.87 13.94 15.64 26.40 14.23 34.65 10.50 8.28
Interpolated Obs SD 2.57 5.00 8.16 11.02 4.52 12.84 3.95 2.83
Interpolated Obs SE 0.13 0.26 0.43 0.58 0.24 0.67 0.21 0.15
W ilcoxon Test (Z score) interp 
vs. model 18.08* -2.36*** -4.53* 1.77 2.67** 16.19* -2.04*** 22.45*
Model n 365.00 365.00 365.00 365.00 365.00 365.00 365.00 365.00
Annual Mean o f Model 10.98 8.34 11.65 27.26 9.37 25.33 12.83 15.90
M odel Median 17.15 12.37 11.86 27.49 15.63 43.44 9.14 15.53
Model SD 1.91 0.80 0.75 2.16 0.97 3.93 2.21 2.86
M odel SE 0.10 0.04 0.04 0.11 0.05 0.21 0.12 0.15
D aily mean absolute error 1.82 6.94 7.16 8.56 6.17 10.74 2.19 7.05
Dailv mean % error 13.71 40.99 33.51 37.31 35.94 44.71 25.63 89.37
Daily RMSE 1.93 8.14 9.52 9.61 7.17 11.82 2.55 7.15
.Annual mean absolute error 1.82 6.94 5.83 0.35 6.17 4.66 1.52 7.05
Annual mean % error 14.19 45.42 33.35 1.27 39.70 15.54 13.49 79.63
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Table 10c. Skill assessm ent for DO.
D O  (g Q 2  m 3) M etric B ox 1 Box 2 B ox 3 Box 4 Box 5 Box 6 Box 7 B ox 8
c 4 5 .0 0 4 6 .0 0 4 6 .0 0 4 6 .0 0 4 6 .0 0 4 6 .0 0 4 6 .0 0 4 6 .0 0
O bs M ean 8 .7 9 8 .6 4 8 .4 6 8 .09 8 .6 4 7 .9 4 8 .77 8 .95
O bs M edian 8 .7 5 8 .30 8 .05 7.93 8 .32 7 .96 8 .1 4 8 .70
O bs S D 2 .5 0 2 .4 4 2 .8 8 2.95 2 .4 4 2 .8 0 2 .65 2 .15
O bs SE 0 .3 7 0 .3 6 0 .4 2 0 .43 0 .3 6 0 .41 0 .3 7 0 .3 2
W ilc o x o n  T est (Z  sco re ) obs vs. -6 .1 3 * 6 .9 6 * 9 .71* -1 .5 7 4.3* -8 .5 8 * 6 .7 1 * -4 .8 5 *
Interpolated O bs n 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0
Interpolated O bs M ean 8 .7 9 8 .65 8 .4 9 8.11 8 .66 7.95 8 .99 8 .9 9
Interpolated O bs M edian 8 .6 6 8 .4 7 8 .2 7 7 .8 4 8.51 7 .65 8 .72 8 .68
Interpolated O bs S D 1.90 1.99 2 .21 2 .32 1.87 2 .1 7 2 .0 0 1.85
Interpolated O bs SE 0 .1 0 0 .1 0 0 .1 2 0 .1 2 0 .1 0 0.11 0 .1 0 0 .1 0
W ilc o x o n  T est (Z  sco re) interp i 14 .08* -1 5 .7 8 * -2 2 .8 * 2_54*** -1 1 .7 7 * 19 .14* -1 6 .2 6 * 9 .9 1 *
M od el n 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0
A nnual M ean o f  M od el 7 .25 4 .3 6 4 .6 4 8 .52 5.51 1 1 .09 8 .40 1 1 .70
M od el M ed ian 11 .39 6 .0 5 4 .5 2 8 .40 6 .9 0 1 2 .09 6 .33 10.21
M o d el S D 1.39 0 .7 4 0 .7 6 1.11 0 .82 1.25 1.42 1.78
M od el SE 0 .0 7 0 .0 4 0 .0 4 0 .06 0 .0 4 0 .0 7 0 .0 7 0 .0 9
D a ilv  m ean  absolu te  error 1 .54 4 .2 9 3 .8 4 1.23 3.15 3 .13 0 .6 8 2 .7 0
D a ilv  m ean  % error 17 .02 4 8 .7 2 4 3 .6 0 18.11 3 5 .2 5 4 6 .3 6 6 .6 7 3 1 .6 0
D a ilv  R M S E 1.62 4 .4 8 4 .1 4 1.42 3.35 3 .33 0 .8 7 2 .73
.Annual m ean  abso lu te  error 1 .54 4 .2 9 3 .8 4 0.41 3 .15 3 .13 0 .6 0 2 .7 0
A nnual m ean  % error 17 .50 4 9 .5 7 4 5 .2 9 5 .00 3 6 .3 9 3 9 .4 1 6 .63 3 0 .0 7
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Table lOd. Skill assessm ent for DIN.
DIN ;r L ) Metric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
Raw Obs n 31.00 31.00 33.00 31.00 32.00 32.00 37.00 12.00
Raw Obs Mean 7.65 7.85 8.68 7.40 .10 8.94 9.34 8.51
Raw Obs Median 6.43 6.43 6.43 6.43 6.43 6.43 6.43 6.43
Raw- SD 1.39 0.74 0.76 1.11 0.82 1.25 1.42 1.78
Raw SE 0.07 0.04 0.04 0.06 0.04 0.07 0.07 0.09
W ilcoxon Test (Z score) raw 
and model -2.5* -2.99** 4.24* -8.9* -6.83* -8.79* 1.46 -3.54*
Interpolated Obs n 365.00 365.00 365.00 365.00 365.00 365.00 365.00 365.00
Interpolated Obs Mean o f  the 
Average Annual Cycle 8.30 7.92 8.22 8.52 7.25 8.16 7.44 6.44
Interpolated Obs Median 8.69 8.33 8.74 8.82 6.47 8.14 7.64 6.40
Interpolated Obs SD 1.99 1.60 1.82 2.09 1.52 1.48 1.50 1.00
Interpolated Obs SE 0.10 0.08 0.10 0.11 0.08 0.08 0.08 0.05
W ilcoxon Test (Z score) interp 
and model -4.31* - 6 .6* -14.02* 23.28* 2 1 .0 2 * 23.38* -7.48* 18.37*
M odel n 365.00 365.00 365.00 365.00 365.00 365.00 365.00 365.00
Annual Mean o f  Model 7.56 5.04 6.64 21.23 8.18 22.01 9.97 19.88
M odel Median 7.15 7.20 6.09 18.84 10.58 25.78 6.78 13.71
M odel SD 0.93 0.71 1.52 5.67 2.02 4.75 0.86 l . S
M odel SE 0.05 0.04 0.08 0.30 0.11 0.25 0.05 0.10
D ailv mean absolute error 1.12 2.t 3.10 12.87 2.38 13.85 2.55 13.43
Dailv mean % error 12.65 32.63 36.87 181.38 36.95 184.01 38.50 215.63
Dailv RMSE 1.36 3.55 3.50 14.67 2.86 14.94 2.83 13.60
Annual mean absolute error 0.74 1.58 12.70 0.94 13.85 2.53 13.43
Annual mean % error 8.89 36.31 19.24 149.07 12.95 169.68 34.08 208.44
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Table lOe. Skill assessment for DIP. Sufficient monitoring data were not available to develop annual 
average cycles.
D IP  (g P  m ’3) Metric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
O bs n 1 1 .00 1 1 .00 11 .0 0 11 .00 11 .00 11 .0 0 2 9 .0 0 11 .00
O bs M ean 0.91 0 .8 8 0 .8 8 0 .8 7 0 .8 5 1.15 0 .5 4 0 .8 2
O bs M ed ian 0 .6 5 0 .75 0 .65 0 .6 5 0 .6 5 1.13 0 .5 5 0 .6 5
O bs S D 0.31 0 .2 7 0 .2 9 0 .2 9 0 .2 6 0 .4 0 0 .3 2 0 .2 0
O bs SE 0 .0 9 0 .0 8 0 .0 9 0 .0 9 0 .0 8 0 .1 2 0 .0 6 0 .0 6
W ilc o x o n  T est (Z  sco re ) obs  
v s. m od el -0 .4 7 1.75 5 .67* -4 .5 1 * -2 .5 9 * * -5 .5 7 * -3 .5 * * -3 .7 6 * *
M od el n 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0 3 6 5 .0 0
.Annual M ean  o f  M od el 0 .7 7 0 .3 9 0 .45 1.26 0 .5 3 1 .18 1.02 2 .1 4
M od el M ed ian 0 .6 5 0 .73 0 .55 1.54 1.05 2 .0 7 0 .7 0 1.39
M od el S D 0 .0 4 0 .0 8 0 .13 0 .4 5 0 .1 7 0 .3 9 0 .0 9 0 .2 3
M o d el SE 0 .0 0 0 .0 0 0.01 0 .0 2 0.01 0 .0 2 0 .0 0 0.01
A nnual m ean  ab so lu te  error 0 .1 4 0 .4 9 0 .4 3 0 .3 9 0 .3 2 0 .0 3 0 .4 9 1.32
.Annual m ean  0 o error 1 5 .6 4 5 5 .2 0 4 9 .2 3 4 5 .1 4 3 7 .3 0 2 .7 8 9 0 .5 7 1 6 2 .1 7
161
Table lOf. Skill assessm ent for Phytoplankton NPP.
Phyto net prim ary production Metric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
g C m 2 d'1 area weighted sum Interpolated Obs Mean 0.84 2.04 1.10 1.53 3.07 3.23
o f  production compared to Interpolated Obs SD 0.50 1.08 0.56 1.03 1.52 2.25
dailv wtr col GPP Interpolated Obs n 9.00 9.00 10.00 10.00 10.00 10.00
Interpolated Obs SE 0.03 0.06 0.03 0.05 0.08 0.12
Annual Mean o f  Model 0.31 0.20 0.25 0.57 0.40 0.78 0.62 1.61
Model SD 0.29 0.22 0.29 0.70 0.46 0.93 0.53 1.40
Model n 365.00 365.00 365.00 365.00 365.00 365.00 365.00 365.00
Model SE 0.02 0.01 0.02 0.04 0.02 0.05 0.03 0.07
Annual mean absolute error 0.59 1.47 0.70 0.75 2.45 1.62
Annual mean % error 70.15 71.88 63.80 48.86 79.75 50.24
Table lOg. Skill assessment for BMA NPP.
BM A net primary production M etric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
g C m"2 d"1 area weighted sum o f Interpolated Obs Mean 0.42 0.14 0.31 0.42
production compared to Interpolated Obs SD 0.16 0.09 0.05 0.22
daily BM A NPP Interpolated Obs n 4.00 4.00 4.00 4.00
Interpolated Obs SE 0.08 0.00 0.00 0.01
Annual Mean o f  Model 0.23 0.18 0.27 0.23 0.17 0.25 0.13 0.12
Model SD 0.03 0.06 0.10 0.08 0.06 0.09 0.05 0.04
Model n 365.00 365.00 365.00 365.00 365.00 365.00 365.00 365.00
Model SE 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Annual mean absolute error 0.19 0.13 0.14 0.29
Annual mean % error 45.21 92.68 46.47 69.49
Table lOh. Skill assessment for BM A Chl-a (0-0.5 m and 0.5-1 m depth segments).
BM A chlorophyll-a (m g m  ') M etric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
0 to 0.5m Interpolated Obs Mean 29.12 27.49 27.27 41.69
Interpolated Obs SD 11.31 18.70 13.48 10.75
Interpolated Obs n 5.00 5.00 5.00 5.00
Interpolated Obs SE 5.06 0.98 0.71 0.56
.Annual Mean o f  Model 40.70 39.60 40.51 40.91
Model SD 3.42 2.74 3.08 3.22
Model n 365.00 365.00 365.00 365.00
Model SE 0.18 0.14 0.16 0.17
Annual mean absolute error 11.58 12.11 13.24 0.78
.Annual mean % error 39.77 44.05 48.55 1.87
BM A chlorophyll-a (m g m 2)
0.5 to lm Interpolated Obs Mean 29.12 27.49 27.27 41.69
Interpolated Obs SD 11.31 18.70 13.48 10.75
Interpolated Obs n 5.00 5.00 5.00 5.00
Interpolated Obs SE 5.06 0.98 0.71 0.56
.Annual Mean o f  Model 29.13 16.63 24.15 28.71
Model SD 6.71 14.81 10.50 7.83
Model n 365.00 365.00 365.00 365.00
Model SE 0.35 0.78 0.55 0.41
Annual mean absolute error 0.02 10.86 3.12 12.98
.Annual mean ° o error 0.05 39.50 11.44 31.13
162
Table lOi. Skill assessm ent for sedim ent and water colum n respiration.
Sediment oxygen consumption Metric Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
g 0 2 m ‘ d '1 Interpolated Ohs Mean 0.43 0.99 0.78 0.86
Interpolated Ohs SD 0.30 0.40 0.15 0.41
Interpolated Obs n 4.00 4.00 4.00 4.00
Interpolated Obs SE 0.15 0.02 0.01 0.02
Annual M ean o f  M odel 0.21 0.14 0.17 0.38 0.27 0.52 0.41 1.07
M odel SD 0.19 0.14 0.19 0.46 0.30 0.61 0.35 0.93
M odel n 365.00 365 .00 365 .00 365 .00 365.00 365.00 365.00 365 .00
M odel SE 0.01 0.01 0.01 0.02 0.02 0.03 0.02 0.05
.Annual m ean absolute error 0.22 0.82 0.51 0.45
.Annual m ean % error 51.59 82.90 65.93 51.95
Water column respiration
gC m ’2 d"J Interpolated Obs Mean 0.23 0.46 0.14 0.64 0.55 0 .88
Interpolated Obs SD 0.19 0.46 0.17 0.87 0.63 0.79
Interpolated Obs n 10.00 10.00 10.00 10.00 10.00 10.00
Interpolated Obs SE 0.01 0.02 0.01 0.05 0.03 0.04
Annual M ean o f  M odel 0.03 0.01 0.03 0.13 0.06 0.17 0.25 1.12
M odel SD 0.03 0.02 0.04 0.19 0.09 0.26 0.25 1.03
M odel n 365.00 365 .00 365 .00 365 .00 365.00 365.00 365 .00 365 .00
M odel SE 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.05
Annual m ean absolute error 0.21 0.33 0.08 0.47 0.30 0.23
.Annual m ean % error 87.43 72 .28 58.30 72.82 54.48 26 .47
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Table 11. Matrix o f  model scenario runs. Model was run 10 times, covering the scenarios highlighted in 
 yellow._________________________________________________________________
0°C 1 °C 2 °C 3 °C 5 °C
0.0m SLR Calibration
0.49m
0.99m
1.69m
2.29m
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Table 12. Percent change betw een the m odel run w ithout restoration (standard run) and the m odel run w ith
the proposed restoration.
Parameter Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8
Chla -0 55 -1 50 -1.20 -0 94 -1 24 -1 05 -0.89 -0.41
TSS -2 09 -3 19 -1.68 -1 37 -2.67 -2.39 -6.43 -6.51
DO -0.01 -0.03 -0.04 -0.03 -0.04 -0.04 -0.01 0.03
DIN -0.31 -0.44 -0.13 0 00 -0.11 0.01 -0 92 -0.94
DIP 0 04 0.19 0.30 0.25 0.28 0.29 0.03 -0.08
Phyto NPP -0.72 -1.68 -1.28 -0.89 -1.45 -1.03 -1 00 -0.46
Sediment oxygen consumption -0.80 2 74 -1.23 -0.87 -1.29 -1.07 0 63 -0.48
Water column respiration -1 34 -2.56 -1 86 -1.52 -2.75 -2.16 -2.08 -0.94
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Table 13. Percent change between baseline and highest sea level rise scenario, % change between baseline 
and highest temperature scenario and % change between baseline and highest temperature/highest 
sea level rise scenario by box for C. virginica, Z. marina, R. maritima and S. alterniflora biomass as 
well as the ecosystem services associated with oyster restoration.
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Table 13a. Percent change betw een baseline and highest sea level rise scenario.
Box 2 Box 4 Box 7 Box 8
% Change B etw een  Curent and Highest Sea Level Rise Scenario
Spartina Dead
Annual Mean Biomass 0.00 0.00
Peak Biomass 0.00 0.00
Final Biomass 0.00 0.00
Spartina Live
Annual Mean Biomass 0.00 0.00
Peak Biomass 0.00 0.00
Final Biomass 0.00 0.00
Spartina Root
Annual Mean Biomass 0.00 0.00
Peak Biomass 0.00 0.00
Final Biomass 0.00 0.00
Zostera Marina Shoot
Annual Mean Biomass -76.32 -70.28
Peak Biomass -84.88 -79.92
Final Biomass -99.22 -98.78
Zostera Marina Root
Annual Mean Biomass -55.80 -50.04
Peak Biomass -69.42 -65.10
Final Biomass -97.33 -96.60
Ruppia Maritima Shoot
Annual Mean Biomass -90.74 -96.96
Peak Biomass -81.92 -94.82
Final Biomass -100.00 -100.00
Ruppia Maritima Root
Annual Mean Biomass -83.81 -94.44
Peak Biomass -73.26 -92.79
Final Biomass -100.00 -100.00
Oyster Biomass
Mean gDW/oyster -47.04 -54.76 -63.30
Final gDW/oyster -61.58 -72.38 -84.62
Total gDW of oysters /m2 -47.04 -54.76 -63.30
Net Growth -136.05 -140.74 -175.00
Peak biomass -62.46 -66.67 -63.57
Oyster Ecos^^stem Services
Cumulative N Rem ovedvia  denitrification
Annual Mean Biomass -9.77 -13.53 -22.19
Peak Biomass -13.03 -18.06 -28.97
Final Biomass -13.03 -18.06 -28.97
Cumulative Volume filtered
Annual Mean Biomass -39.79 -45.06 -53.56
Peak Biomass -43.01 -49.20 -58.81
Final Biomass -43.01 -49.20 -58.81
Cumulative Chla Removed
Annual Mean Biomass -63.98 -72.11 -83.05
Peak Biomass -64.50 -73.58 -84.57
Final Biomass -64.50 -73.58 -84.57
Cumulative TSS Removed
Annual Mean Biomass -26.14 -49.37 -58.07
Peak Biomass -29.75 -52.72 -62.29
Final Biomass -29.75 -52.72 -62.29
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Table 13b. Percent change betw een baseline and highest sea level rise scenario.
Box 2 Box 4 Box 7 Box 8
% Change B etw een  Curent and H igh estS ea  Level Rise Scenario
Cumulative N Buried in th e  Sediments
Annual Mean Biomass -63.98 -72.11 -83.05
Peak Biomass -64.50 -73.58 -84.57
Final Biomass -64.50 -73.58 -84.57
Cumulative N Assimilated in the  Shell
Annual Mean Biomass -79.77 -88.95 -99.76
Peak Biomass -80.25 -89.64 -99.80
Final Biomass -80.25 -89.64 -99.80
Cumulative N Assimilated in the  Tissue
Annual Mean Biomass -79.77 -88.95 -99.77
Peak Biomass -80.25 -89.64 -99.80
Final Biomass -80.25 -89.64 -99.80
Cumulative P Buried in the  Sediments
Annual Mean Biomass -63.98 -72.11 -83.05
Peak Biomass -64.50 -73.58 -84.56
Final Biomass -64.50 -73.58 -84.56
Cumulative P Assimilated in th e  Shell
Annual Mean Biomass -77.40 -86.54 -98.79
Peak Biomass -77.84 -87.29 -98.95
Final Biomass -77.84 -87.29 -98.95
Cumulative P Assimilated in the  Tissue
Annual Mean Biomass -77.40 -86.54 -98.78
Peak Biomass -77.84 -87.29 -98.95
Final Biomass -77.84 -87.29 -98.95
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Table 13c. Percent change betw een baseline and highest temperature scenario.
Box 2 Box 4 Box 7 Box 8
% Change B etw een  Curent and Highest T em p Scenario
Spartina Dead
Annual Mean Biomass -78.79 -72.83
Peak Biomass -59.56 -38.46
Final Biomass -99.35 -99.86
Spartina Live
Annual Mean Biomass -76.99 -75.62
Peak Biomass -57.10 -38.57
Final Biomass -98.84 -99.70
Spartina Root
Annual Mean Biomass -48.23 -39.78
Peak Biomass -5.17 -3.60
Final Biomass -97.79 -86.84
Zostera Marina Shoot
Annual Mean Biomass -32.99 -30.47
Peak Biomass -15.01 -19.73
Final Biomass -100.00 -100.00
Zostera Marina Root
Annual Mean Biomass -30.43 -27.60
Peak Biomass -12.91 -16.73
Final Biomass -100.00 -100.00
Ruppia Maritima Shoot
Annual Mean Biomass 341.37 477.18
Peak Biomass 377.10 501.76
Final Biomass 590.70 746.73
Ruppia Maritima Root
Annual Mean Biomass 237.04 367.03
Peak Biomass 338.77 419.00
Final Biomass 224.84 317.86
Oyster Biomass
Mean gDW/oyster 0.14 -8.49 -27.64
Final gDW/oyster -16.32 -20.00 -46.15
Total gDW of oysters /m2 0.14 -8.49 -27.64
Net Growth -36.05 -38.89 -95.45
Peak biomass -6.31 -23.53 -37.98
Oyster Ecos /^stem Services
Cumulative N R em ovedvia  denitrification
Annual Mean Biomass 58.17 56.46 49.30
Peak Biomass 56.38 53.68 43.36
Final Biomass 56.38 53.68 43.36
Cumulative Volume filtered
Annual Mean Biomass 43.50 29.06 -0.21
Peak Biomass 41.36 25.86 -7.87
Final Biomass 41.36 25.86 -7.87
Cumulative Chla Removed
Annual Mean Biomass 41.45 25.68 -3.19
Peak Biomass 33.91 19.14 -12.67
Final Biomass 33.91 19.14 -12.67
Cumulative TSS Removed
Annual Mean Biomass 39.97 23.52 -7.09
Peak Biomass 38.37 21.29 -13.00
Final Biomass 38.37 21.29 -13.00
169
Table 13d. Percent change betw een baseline and highest temperature scenario.
Box 2 Box 4 Box 7 Box 8
% Change B etw een  Curent and H ighestT em p Scenario
Cumulative N Buried in the  Sed im ents
Annual Mean Biomass 41.45 25.68 -3.19
Peak Biomass 33.91 19.14 -12.67
Final Biomass 33.91 19.14 -12.67
Cumulative N Assimilated in the  Shell
Annual Mean Biomass 6.91 -14.61 -35.65
Peak Biomass -8.58 -30.03 -48.41
Final Biomass -8.58 -30.03 -48.41
Cumulative N Assimilated in the  Tissue
Annual Mean Biomass 6.91 -14.61 -35.65
Peak Biomass -8.58 -30.03 -48.40
Final Biomass -8.58 -30.03 -48.40
Cumulative P Buried in the  Sed im ents
Annual Mean Biomass 41.45 25.68 -3.19
Peak Biomass 33.91 19.14 -12.67
Final Biomass 33.91 19.14 -12.67
Cumulative P Assimilated in the  Shell
Annual Mean Biomass 9.57 -11.05 -33.17
Peak Biomass -5.89 -25.81 -44.98
Final Biomass -5.89 -25.81 -44.98
Cumulative P Assimilated in the  Tissue
Annual Mean Biomass 9.57 -11.05 -33.18
Peak Biomass -5.89 -25.81 -44.98
Final Biomass -5.89 -25.81 -44.98
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Table 13e. Percent change betw een baseline and highest temperature/sea level rise scenario.
Box 2 Box 4 Box 7 Box 8
% Change B etw een  Curent and H ighestT em p and HighestSLRScenario
Spartina Dead
Annual Mean Biomass -78.79 -72.83
Peak Biomass -59.56 -38.46
Final Biomass -99.35 -99.86
Spartina Live
Annual Mean Biomass -76.99 -75.62
Peak Biomass -57.10 -38.57
Final Biomass -98.84 -99.70
Spartina Root
Annual Mean Biomass -48.23 -39.78
Peak Biomass -5.17 -3.60
Final Biomass -97.79 -86.84
Zostera Marina Shoot
Annual Mean Biomass -80.46 -75.74
Peak Biomass -84.63 -80.23
Final Biomass -100.00 -100.00
Zostera Marina Root
Annual Mean Biomass -63.81 -59.19
Peak Biomass -69.34 -65.52
Final Biomass -100.00 -100.00
Ruppia Maritima Shoot
Annual Mean Biomass -93.08 -97.72
Peak Biomass -82.01 -94.84
Final Biomass -100.00 -100.00
Ruppia Maritima Root
Annual Mean Biomass -89.25 -96.28
Peak Biomass -73.53 -92.79
Final Biomass -100.00 -100.00
Oyster Biomass
Mean gDW/oyster -51.81 -61.63 -71.13
Final gDW/oyster -70.00 -81.90 -92.31
Total gDW of oysters /m2 -51.81 -61.63 -71.13
Net Growth -154.65 -159.26 -190.91
Peak biomass -65.45 -66.67 -63.57
Oyster Ecos /^stem  Services
Cumulative N R em ovedvia  denitrification
Annual Mean Biomass 37.71 28.65 8.23
Peak Biomass 31.05 19.08 -6.53
Final Biomass 31.05 19.08 -6.53
Cumulative Volume filtered
Annual Mean Biomass -17.35 -30.99 -49.43
Peak Biomass -25.15 -40.70 -60.97
Final Biomass -25.15 -40.70 -60.97
Cumulative Chla Removed
Annual Mean Biomass -51.93 -66.54 -82.38
Peak Biomass -55.28 -70.64 -85.97
Final Biomass -55.28 -70.64 -85.97
Cumulative TSS Removed
Annual Mean Biomass -2.20 -40.51 -58.70
Peak Biomass -10.26 -47.54 -67.09
Final Biomass -10.26 -47.54 -67.09
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Table 13 f. Percent change betw een baseline and highest temperature/sea level rise scenario.
Box 2 Box 4 Box 7 Box 8
% Change B etw een  Curent and H ighestT em p and H ighest SLR Scenario
Cumulative N Buried in th e  Sedim ents
Annual Mean Biomass -51.93 -66.54 -82.38
Peak Biomass -55.28 -70.64 -85.97
Final Biomass -55.28 -70.64 -85.97
Cumulative N Assimilated in the  Shell
Annual Mean Biomass -81.98 -92.80 -99.34
Peak Biomass -85.32 -94.51 -99.51
Final Biomass -85.32 -94.51 -99.51
Cumulative N Assimilated in the  Tissue
Annual Mean Biomass -81.98 -92.80 -99.34
Peak Biomass -85.32 -94.51 -99.51
Final Biomass -85.32 -94.51 -99.51
Cumulative P Buried in th e  Sed im ents
Annual Mean Biomass -51.93 -66.54 -82.38
Peak Biomass -55.28 -70.64 -85.97
Final Biomass -55.28 -70.64 -85.97
Cumulative P Assimilated in the  Shell
Annual Mean Biomass -79.06 -90.60 -98.59
Peak Biomass -82.85 -92.81 -98.98
Final Biomass -82.85 -92.81 -98.98
Cumulative P Assimilated in the  Tissue
Annual Mean Biomass -79.06 -90.60 -98.59
Peak Biomass -82.85 -92.81 -98.98
Final Biomass -82.85 -92.81 -98.98
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Table 14. Ecosystem services associated with the three restoration components under consideration in this 
study, and the potential climate change impacts on each._______________________________________________
Component Ecosystem Services Climate Drivers Sources
XTem perature Sea L evel R ise
Subm erged
A quatic
V egetation
(S A V )
U ptake o f  ex c ess  
nutrients and pollutants, 
stab ilize sed im ents, 
reduce turbidity and 
w ave energy, provide  
habitat for m any aquatic 
organism s.
H igh  tem peratures, 
reduced light and low  
o x y g en  can lim it 
Z o s te r a  m a r in a  
grow th  and survival.
Increased water 
depths cou ld  
force S A V  to 
m igrate 
shoreward to 
m aintain  
suitable light 
levels .
C hurchill et al. 1978; 
F onseca  and Calahan  
1992; M adsen  et al. 
2001; C astellan os et 
al. 2001; D ealteris et 
al. 2004; K em p et al. 
2004; R eid , 2004; Orth 
et al. 2006; M oore and 
Jarvis, 2 0 0 8 .
O ysters W ater filtration, im prove  
water clarity, reduce 
nutrients, stabilize  
benthic or intertidal 
habitat, enhance rates o f  
d enitrification , sequester  
carbon, provide benthic  
habitat, enhance benth ic- 
p elag ic cou p lin g  and 
increase d iversity.
A ltered  m etabolic  
rate and sp ec ies  
com p osition . 
Increased  
tem peratures could  
change phytoplankton  
abundance and 
therefore quantity and 
quality o f  oyster food  
supply.
Increased sea  
lev e l rise cou ld  
change
phytoplankton  
abundance and 
therefore 
quantity and 
quality o f  
oyster food  
supply.
C oen  et al. 1999; 
P iehler and Sm yth  
2011; S isson  et al.
2011; N e w e ll and 
M ann 2012; Sm yth et 
al. 2 012 .
Tidal
M arshes
R educe nutrients and  
w ave energy, sed im ent 
retention, enhance rates 
o f  denitrification , 
provide habitat for birds, 
invertebrates, reptiles 
and fish.
A ltered  sp ec ies  
com p osition  and 
distribution. Increased  
tem perature and 
inundation m ay  
in itia lly  increase plant 
productivity  but w ith  
e x c e s s iv e  SLR  rate 
(~ > 4 .5  m m /yr), this 
feed b ack  is lik ely  
disrupted and the 
m arsh drow ns. In 
addition, increased  
tem peratures cou ld  
increase
d ecom p osition  o f  
sed im en t carbon, thus 
reducing marsh 
accretion.
W etland  
drow ning and 
m igration; 85%  
o f  the tidal 
m arshes in the 
L ynnhaven  
B asin  are 
aligned  w ith  
shoreline  
hardening  
w hich  m ay  
im pact marsh  
transgression  
(Berm an and 
B erquist,
2009).
O viatt and N ix o n  
1973; K aplan et al. 
1979; Hurd et al. 1979; 
Erwin et a l.1993;
D av is et al. 2004;
Craft, et al. 2009; 
K irwan, et al. 2012 .
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